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Professor Henry G. Gale, who for many years had been chairman of the department 
of physics at the University of Chicago, died on November 16, 1942. He was born at 
Aurora, Illinois, on September 12, 1874, and registered at the University of Chicago 
with its first class in the autumn of 1892. The last fifty years of his life were, therefore, 
practically coincident with that first half-century of achievement which the University 
recently celebrated—the half-century which has seen the face of the world changed. 
Many citizens of Chicago have lived here for more than that length of time, but rarely 
has any one of them been an active participant in the intellectual life of the city for such 
a period as was Professor Gale. 

Among the American colleges of outstanding quality must always be reckoned the 
one at Middlebury, Vermont. It was here, in the midst of our Civil War, that the father 
of our subject, Eli Holbrook Gale, graduated in 1862 and at once proceeded to the Uni- 
versity of Pennsylvania, where he took his medical degree in 1865. He had enlisted in the 
186th Pennsylvania volunteers and was assistant surgeon at the Provost Barracks in 
Philadelphia. A little later Dr. Gale came to Illinois and settled at Aurora, where, up to 
the time of his death in 1912, he was known as an able physician, a man of quick sympa- 
thy, with a fine sense of humor and a taste for the classics. It was here that he married a 
vigorous young woman, Miss Adelaide Parker, the mother of our Professor Gale, who 
was the youngest in a family of two sisters and three brothers. 

When the boy was only six weeks old he had the misfortune to lose his best friend— 
his mother. The result was that his early boyhood was spent on the farm with his ma- 
ternal grandparents; and, in this kindly atmosphere, he soon learned to know and to 
love all the animals, plants, trees, fish, and fowl of the countryside in the Mississippi 
Valley—an interest which remained keen throughout his later years and always mani- 
fested itself during his camping and fishing trips in the north woods. 

Gale’s mother had four brothers in the war between the states. One can imagine, 
therefore, how eagerly the lad listened to the stories of “the late unpleasantness” from 
his four uncles and from his father. The devotion to his country thus early acquired 
never deserted him. 

In 1890 he graduated from the Union High School at Lacon, Illinois, where the family 
had recently moved, and then completed his preparation for college by graduation at the 
East Aurora High School in 1892. At the University of Chicago this finely proportioned 
and strikingly handsome young man was a “charter member”’ along with that outstand- 
ing group of productive scholars whom Dr. Harper had called to his staff from twelve or 
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fifteen leading institutions of the world. These were the days when Cobb Hall was the 
only building on the campus, and the physical laboratory was housed in a small brick 
residence just north of Marshall Field. Mr. Stagg deeply appreciated Gale’s skill and 
sense of responsibility as a football player. A little later his election to the captaincy of 
the team came as a vote of confidence. But of all undergraduate events, none was so full 
of significance as a chance meeting in Sophomore year with a talented young girl who, 
after spending her Freshman year at Wellesley, had returned to the West for the re- 
maining three years at the University of Chicago. The home of this young woman, 
Agnes S. Cook, was at Normal, Illinois. She was the daughter of Dr. John W. Cook, a 
pioneer in American education. Their friendship, sealed by marriage in 1901, continued 
a high privilege for both during more than forty years and was broken only by death. 
Their daughter Beatrice (now Mrs. Kimball Valentine) and her family live only a few 
steps away from the parental home. 

Gale’s professional career began in 1899 when he had completed three years of 
graduate study and had accepted appointment on the staff of the Ryerson Laboratory. 
In his Doctor’s thesis he employed the interferometer to determine the refractive in- 
dex of air as a function of its density and established the law of Gladstone and Dale 
(\~ — 1]/d = constant) as accurate to one part in a thousand for pressures all the way 
up to nineteen atmospheres. The cleverly devised gauge which Gale invented for this 
experiment made the readings directly proportional not to the pressures but to the den- 
sities of the air. This device alone would have made the thesis notable. 

It was in February of 1906 that Gale first went to Mount Wilson. This visit was at 
the request of George E. Hale, who was then seeking for an explanation of astrophysical 
results by the aid of data gathered under controlled conditions in the physical laboratory. 

Dr. Walter S. Adams writes, in speaking of Gale’s visit: 


It is difficult to realize, at the present, when the theory of ionization and the term analysis 
of spectra have given us so clear a picture of the origin and behaviour of spectral lines, that 
thirty years ago almost nothing was known regarding the differentiation of lines according to 
physical conditions. It is true that ‘“‘enhanced” lines, which are lines stronger in the electric 
spark than in the arc, were recognized as a distinct class, but the normal arc lines were classed 
together and were supposed to behave essentially alike. Accordingly when Gale came to Mt. 
Wilson his problem was to learn whether the spectroscopic laboratory could devise conditions 
which would affect lines in the same way in which they are affected in sunspots. The first and 
most natural hypothesis was that difference of temperature might be the controlling factor since 
there was considerable reason to believe that spots are considerably cooler than the general solar 
surface. 

Gale used a variety of light sources including a synchronous rotating arc, a direct current arc 
with widely different currents, but nearly constant difference of potential between the poles, and 
finally the outer flame and core of a simple arc. All these sources gave definite results of the 
same type and showed that in passing from higher to lower temperature the spectral lines were 
affected differently and could be divided into distinct classes according to behavior with tem- 
perature. A comparison with sunspot results showed at once that just the lines which were 
strengthened at low temperatures in the laboratory were strengthened in spots, while unaffected 
lines remained unchanged. Asa final test the comparison was repeated with a somewhat crude 
electric furnace and gave identical results. These relatively simple investigations have proved 
of great value both to astrophysical and physical research and helped to lay the observational 
basis for the theory of ionization. Similarly the temperature classification of spectral lines has 
proved to be one of the most valuable tools which the physicist can use in undertaking the 
analysis, according to energy level, of complex spectra of most of the elements. In much of the 
work which was undertaken Hale and Adams collaborated with Gale, but chiefly on the astro- 


physical side. 


Some six years later Gale and Adams collaborated on the displacements produced in 
spectral lines by pressure applied at the source. Their report (4p. J., 35, 10, 1912) con- 
tains a large amount of accurate experimental detail, confirming and extending earlier 
work by Humphreys, Duffield, and Rossi. Since this work antedated by one year the 
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discovery of the “‘pole effect”” by F. Goos, it is interesting to note that Gale and Adams 
had already encountered this phenomenon when they surrounded their arc with an at- 
mosphere of hydrogen and found that the arc worked badly, so that they had to bring 
the poles closer together and were thus introducing the exact conditions required for the 
pole effect. They describe the result by saying that a hydrogen atmosphere “affects not 
only the intensities but the displacements of the enhanced lines in the same way as does 
a change from arc to spark.”’ 

It was about this same time that Gale and Adams published a series of important 
papers dealing with the effect of pressure upon the character and displacement of lines 
in several of the more important elements. Dr. Adams writes: 

The fact was well known that reduction of pressure around a light source in the laboratory 
favored the appearance of the enhanced lines and Gale offered the suggestion that their promi- 
nence in the chromosphere might be due to the very low density of the gases at this high level 
in the sun’s atmosphere. Later the theory of ionization fully bore out this suggestion and con- 
spicuous enhanced lines in any stellar spectrum are now recognized as a criterion and measure 
of low density. 

A little later a group of important experimental results were published by Gale and 
Whitney describing the change of wave length which takes place in passing from the 
positive to the negative pole through the middle of the arc. The explanation of the pole 
effect, as well as of the pressure effect, was still a matter of speculation. In commenting 
later upon various possible causes, such as temperature, vapor density, modification of 
dielectric constant, magnetic influence of neighboring atoms, and potential gradients, 
Gale closes with the following characteristic remark: 

Certainly I have no favorite theory to defend and shall be quite as pleased if the final outcome 
points to vapor density as I shall if it points to any other factor; but I doubt if the explanation 
will be a simple one or the same for all lines. In the final solution of these questions | am sure 
the interesting and valuable contributions of Dr. Royds will have great weight. 


The two well-known experiments, by which Michelson and Gale established the fact 
that ‘‘the tides in the actual earth are 0.310 of what they would be if the earth were 
fluid,’ were performed on the grounds of the Yerkes Observatory. All the observations, 
the photographic records, and the meticulous adjustments were made by Professor Gale. 

Another experiment in which Gale also played a large role was that in which he and 
Michelson divided a beam of light into two parts and sent one of them around a city 
block in the clockwise sense and the other in the opposite sense. When these two beams,’ 
traveling through a 12-inch pipe from which the air had been removed, reunited at the 
original mirror, the interference fringes showed that the counterclockwise beam (that 
is, the one which had made the circuit in the same sense in which the earth is rotating) 
had been slightly retarded over the other. The amount of the retardation was very 
nearly a quarter of a fringe. This, as Gale playfully and truthfully remarked, dem- 
onstrated that the earth is rotating about an axis which passes through the town of 
Clearing, Illinois. In his memorial address, Professor A. J. Dempster commented upon 
this result as follows: “This added one more phenomenon to the comparatively few 
critical ones, such as the aberration of light from the stars, the Doppler effect, the aether- 
drift experiment and the bending of light rays passing the sun, for which our theories 
of light in moving media must account.” Here again the laborious and difficult observa- 
tions were practically all made by Professor Gale, assisted by the skilful Mr. Fred 
Pearson. 

Colleagues always found Gale such good company that they were delighted to work 
with him. The studies which he and Dr. Monk made upon that aggressive element, 
fluorine, and those upon ionized lithium made by him and Dr. Hoag illustrate this genial 


laboratory companionship. 
Among the last and best of Gale’s researches must be reckoned the improvements 
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which he added to the engine for ruling diffraction gratings. This instrument, first 
brought to a marvelous degree of perfection by H. A. Rowland, in 1882, received various 
refinements at the hands of Michelson immediately following Rowland’s death in 1901, 
Then, shortly after Michelson’s death in 1931, Gale took up the succession and improved 
the engine by the addition of a “‘work screw”’ to drive the heavy carriage, while a “‘pre- 
cision screw”’ of the same nominal pitch drives a superposed lighter carriage upon which 
rests the speculum plate about to be ruled. The irregularity of friction between nut and 
screw Gale eliminated by immersing both of them in an oil bath. In all this work he 
acknowledges with characteristic grace the help of three skilful assistants, Messrs. 
Pearson, O’Donnell, and Getzholz. 

No sketch of Henry Gale can be so brief as not to mention the First Course in Physics 
which he and Dr. Millikan wrote, first as a text for high schools and afterward enlarged 
for use in colleges. Here they accomplish the rare and difficult feat of maintaining a 
high standard of scientific accuracy while keeping the subject matter really entertaining. 

The company and counsel of such a man was, of course, constantly in demand. Thus 
we find him, of course, an early member of the Quadrangle Club and a most acceptable 
member of that informal group of research men known as the Chaos Club. His response 
to the call of military duty in 1917 was prompt and generous. As captain of infantry he 
was sent from Fort Sheridan to Camp Grant, where he assisted in organizing the Third 
Officers’ Training Camp. After the completion of this work, he was transferred from the 
infantry to the signal corps, with the rank of major, and was ordered overseas. In France 
he was placed in charge of a special service division‘at Tours and, at the end of the war, 
having been promoted to the rank of lieutenant colonel, he was cited by General Pershing 
for “especially meritorious and conspicuous service’’ and received the decoration of the 
Legion of Honor from the French government. The gospel of fresh air and sunshine he 
practiced with the Lake Zurich Golf Club; also with those genial spirits who call them- 
selves the Wayfarers Club. The governing board of the Crerar Library obtained his ad- 
vice conveniently by electing him to membership. The Astrophysical Journal enjoyed 
his editorial help for well-nigh a third of a century. The Physics Club of Chicago chose 
him for their president at their very first meeting, in 1931, and at their decennial meeting, 
in 1941, elected him to honorary life-membership. Of all Professor Gale’s many friends, 
none will hold his memory in more grateful remembrance than that large group whom he 
assisted in the laboratory: suggesting research problems to some, solving experimental 
difficulties for others, finding appropriate appointments for those who had just completed 
their graduate study. His unfailing interest in the University of Chicago and the deep 
indebtedness of that institution to him were admirably set forth by his colleagues at the 
memorial service held in Bond Chapel on November 18, two days after his death. 
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ARTHUR BAMBRIDGE WYSE 
1909-1942 


On the night of June 8, 1942, there occurred a disastrous accident over the Atlantic 
Ocean, off the New Jersey coast. Two lighter-than-air navy craft collided during an 
experimental operation in which they were jointly engaged, and the occupants of both 
vessels, thirteen in number, were, with a single exception, lost. Besides the crews, there 
were aboard five scientists, all of whom perished; among them was Arthur Bambridge 
Wyse. In this swift tragedy the Lick Observatory lost a useful and promising member 
of its staff. Dr. Wyse was at the time under leave of absence from the Observatory in 
engagement upon technical developments relating to the war. 

Dr. Wyse had been a member of the Lick Observatory staff, with the rank of assistant 
astronomer, since July 1, 1935. He received the degree of Doctor of Philosophy from the 
University of California in May of the preceding year and in the interim had held minor 
positions in the Observatory, as noted elsewhere in this account. At times a good deal 
of routine labor has been required of the younger members of the Observatory staff, but 
Wyse and his colleagues were encouraged to find their own leads, and in the beginning 
he followed that opened by a study of eclipsing variable stars, which had censtituted his 
Doctor’s thesis. However, he did not fall into the not uncommon error of narrowing his 
attention to the field of his maiden effort, and it required little persuasion to interest 
him in undertaking a description of the large store of photographs of the spectra of novae 
that the Observatory possesses. The material had been gathered by various members of 
the staff, and, as I happened to have the discussion of it in hand, Mr. Wyse participated 
first in the capacity of collaborator. However, interest and aptitude on his part and pre- 
occupation with other matters on my own resulted in his assuming the burden of the 
work, and publication was correctly made over his own name. His principal papers on 
this subject are the three that form Parts III, IV, and V of Volume XIV, Publications of 
the Lick Observatory. Of these, the first, dealing with the spectrum of Nova Aquilae 
(1918), is probably the most noteworthy. These papers are primarily descriptive ac- 
counts of the several spectra, written in the light of present-day knowledge of spectral 
structure. No attempt is made in them to provide a mechanistic theory of temporary 
stars, but the papers give a great amount of information that undoubtedly will, in time, 
aid in the understanding of these remarkable objects. 

In 1938 Professor Ira S. Bowen, of the California Institute of Technology, accepted 
an invitation to be the Morrison Research Associate at the Lick Observatory for the 
year 1938-1939. He naturally chose the gaseous nebulae as the subject of his study. His 
classical researches on the origin of the known nebula lines suggested to him the desir- 
ability of searching for fainter radiations that might indicate the presence of elements 
not then known to exist in the nebulae. As is well known, nova and nebular spectra are 
closely related, and Professor Bowen was very hospitable to a suggestion that Wyse, 
who was interested in the former, should participate in the observation of the nebulae. 
The research was signally successful and not only revealed the presence in these objects 
of several elements, including iron, which had not been known to exist in them, but indi- 
cated the probability that the chemical composition of the gaseous nebulae does not 
differ greatly from that of the sun and the stars. The very important paper in which 
these results were announced! was issued jointly by Bowen and Wyse, but it seems fair 
to say that Professor Bowen’s generosity in permitting the participation of the younger 
man should not be allowed to obscure the fact that his was the outstanding contribution. 


' Lick Obs. Bull., 19, 1, 1939. 
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After the conclusion of Bowen’s engagement at the Lick Observatory, the observations 
were continued by Wyse, who reported upon them in his last published paper.” 

In Wyse’s preoccupation with general spectroscopic studies he did not permit his 
early interest in eclipsing variable stars to lapse, and in 1939 he developed an accurate 
method for deriving the elements of an eclipsing binary system from photometric ob- 
servations.’ This investigation, which is of a mathematical character, followed upon 
the circumstance that Wyse’s colleague, G. E. Kron, had succeeded in improving the 
technique of stellar photometry to such a degree that the approximate methods then 
available for calculating the orbit of an eclipsing variable were not sufficiently exact to 
conserve the excellencies of the new observations. The critical feature of Wyse’s discus- 
sion is that he introduced the “‘coefficient of limb darkening” into the equations of con- 
dition of a least squares solution, making this quantity, in effect, one of the elements of 
the system. There was, of course, nothing new in such a procedure; the fact that it had 
not been attempted before was due to the mathematical complexities that were feared. 
These were successfully resolved by Wyse, who thus provided a straightforward method 
for evaluating the coefficient of limb darkening, a quantity which happens to be an im- 
portant parameter in stellar theory and one which, except in the case of the sun, is not 
experimentally determinable in any other known way. 

Another of Wyse’s mathematical studies was upon the distribution of mass in the 
great spiral nebulae in Andromeda and in Triangulum.* The paper in which this investi- 
gation is described was authored jointly with N. U. Mayall. Mayall and his associates 
had found peculiarities in the rotational motions of these two objects that were unexpect- 
ed and, in fact, at first sight rather bewildering. On the basis of certain simplifying as- 
sumptions regarding the structure of these nebulae the authors were able, after an elabo- 
rate analysis, to postulate distributions of mass that would cause rotations of the charac- 
ter of those observed. It should be stated that in this collaboration Wyse was the prin- 
cipal contributor to the dynamical part of the paper and Mayall to the observation- 
al part. 

I think it not without significance that both of the investigations just mentioned had 
to do with problems encountered by Wyse’s colleagues. He seemed always to take as 
much interest in the work of his friends as in his own, and his command of such mathe- 
matical methods as find ready application in the solution of physical problems 
enabled him to extend timely aid. One is, in fact, impressed quite as much by the 
breadth of his scientific interests as by the excellence of his technical performance, and 
there is little doubt that, had his work been permitted to continue, it would have been 
characterized by still greater diversity. During the last year of his residence at the Ob- 
servatory he collaborated in the testing of the lens of the Carnegie astrographic tele- 
scope, and it was understood at the time that he would eventually devote himself to 
the use of that instrument. This would have absorbed most of his attention for many 
years. The work of this telescope has to do with astrometry, a field rather apart from 
astrophysics, which had theretofore been Wyse’s principal concern, and one harbors 
no doubt that he would have been as successful in the new activity as in the old. His 
ability to work to advantage in many fields was, I think, to be ascribed to the clarity 
of his mind and to his quick recognition of fundamental principles. These qualities ex- 
plain also his faculty for teaching. 

The desire and ability to teach are not always encountered in persons possessing 
aptitude for research, but they were in Mr. Wyse. I was never quite certain which of 
these employments gave him the greater pleasure, and I doubt whether he himself was 
really sure. He frequently expressed regret that at the Lick Observatory the opportunity 
for teaching was limited, and he would undoubtedly have been better satisfied had his 


2 Ap. J., 95, 356, 1942; Lick Obs. Contr., Ser. IT, No. 4. 
3 Lick Obs. Bull., 19, 17, 1939. 4 Ap. J., 95, 24, 1942; Lick Obs. Contr., Ser. II, No. 2. 
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position provided the occasion both for research and for the giving of instruction. Fora 
season he conducted a course in astronomy in the neighboring city of San José, as part 
of a project in adult education sponsored by the city school system. The lectures were 
given at night, and the fact that to deliver them he had to travel fifty miles over a moun- 
tain road, while some of his auditors came from places still more remote, testifies to his 
own interest in the undertaking and the appreciation by his audience of the quality of 
the instruction received. Those familiar with his published papers will understand his 
success as a teacher. 

Arthur Wyse was born in Blairstown, Iowa, on June 25, 1909; he was the son of 
Rev. Charles M. and Celia Wyse. The father was a Presbyterian clergyman, a circum- 
stance which was not without influence during the formative period of his son’s charac- 
ter. Of this family there survive the mother, a brother, and a sister. 

Arthur entered the College of Wooster at the age of sixteen. He was markedly success- 
ful in his study both of the classics and of the natural sciences, his interest apparently 
going over from the one subject to the other during his college course. He received a 
prize for excellence in Greek and was graduated with the degree of A.B., cum laude, in 
1929. After a year spent as accountant for the Bell Telephone Company, Wyse attended 
the graduate school of the University of Michigan, where he came under the instruction 
of Heber D. Curtis. At that time he decided to make astronomy the basis of a profes- 
sional career, and after receiving the M.A. degree at Michigan he enrolled in the graduate 
division of the University of California, at Berkeley, where the degree of Doctor of 
Philosophy was conferred upon him in May, 1934. Thereafter he was at the Lick Ob- 
servatory, first as Martin Kellogg Fellow, then as research assistant. His engagement as 
assistant astronomer, in 1935, and his later relationship to the Observatory have already 
been referred to. 

In 1934 Dr. Wyse was married to Miss Marylyn Crandell, who had been his classmate 
at the College of Wooster. They had two sons, Kenneth and Gordon, and lived most 
happily on Mount Hamilton. The closely knit observatory community was enriched by 
the presence of these young people. They were cheerful, loyal friends, always ready to 
put the interests of their neighbors in advance of their own. To know them was to be 
aware of their profound appreciation of their obligations to society. This was perhaps 
the dominant quality of Mr. Wyse’s character, and it found expression in many ways— 
in his deportment, in his friendships, and in the fine spirit of self-reliance, which was ex- 
emplified alike in his professional work and in the conduct of his daily life. In an era 
marked by extravagance, he preferred the practice of thrift to the incurrence of obliga- 
tion, and his manual skill enabled him to make with his hands much that is customarily 
bought. A happy recollection is of seeing him and his family on a holiday, picnicking 
on a sunny mountainside with the purpose of laying in their winter supply of firewood. 
Sped by his supple body and practiced hand, the ax flew swift and sure to the mark in 
its appointed task of felling an oak or of converting it into neat and even lengths of 
cordwood. He was fond of the out-of-doors and of its sports. In all such activities his 
movements were graceful and bespoke a well-balanced muscular development. Above 
all he possessed that superb quality of sportsmanship that smiles in defeat as well as in 
victory. 

NAVAL SERVICE 

Dr. Wyse held a commission as lieutenant, junior grade, in the United States Naval 
Reserve, and in December, 1941, he was granted leave of absence from the Observatory 
to permit him to accept civilian service in the United States Navy Radio and Sound 
Laboratory, at San Diego, a project of the National Defense Research Committee. The 
tragic termination of this engagement has already been noted. 

At this time little is known, except by the Navy Department or its affiliates, of the 
service rendered the government, but one may be sure that to that service he dedicated 
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himself without stint. Numerous letters have been received by his widow and by the 
Lick Observatory in which the value of his contribution to the war effort is attested. 
These have come from the Secretary of the Navy, from various officers of the service, 
from the chairman of the National Defense Research Committee, and from others. In- 
asmuch as it is not possible to provide a circumstantial account of what he was able to 
do, it seems permissible to quote from the commanding officer’s tribute, spoken on the 
occasion of the memorial services held at the Lakehurst Naval Air Station: 


We are assembled here at the Naval Air Station, Lakehurst, New Jersey, to render tribute 
to those who lost their lives in an airship accident on Monday night of this week. 

A night experimental mission was being conducted. Any air operation is attended by a cer- 
tain amount of hazard. When it is conducted at night an additional hazard exists. 

The officers and men who manned the ships were aware of the circumstances. Nevertheless, 
they did not hold back—they were eager to make this flight. Those in charge were experienced 
and with many hours in the air in airships of this type. 

Under the conditions existing, no other crew was better fitted to conduct this operation— 
nor could any other crew have succeeded in conducting it otherwise. Theirs is a great loss to 
the Airship Organization. 

On board these airships were five eminent members of the National Defense Research Coun- 
cil. Some of these scientists had visited this station before and were known and held in high re- 
gard here. Some came from distant points of the country to take part. They cannot be replaced. 

Their loss is a distinct blow to the war effort of the National Defense Research Council. 

The fact that civilians and naval men were working side by side and were lost together is 
symbolic of the spirit of co-operation between all branches which now exists throughout this 
country in the determination and effort to win the war. 

We are conducting a service in memory of the twelve men who gave up their lives. I speak 
not only for myself but for every person connected with this station and with the war effort of 
the entire country when I say that each one of them—whether in the naval service or in part of 
the civilian organization—gave up his life in this effort just as gallantly and just as much in the 
line of duty in defense of his country as the man who likewise gives up his life in a naval action 
at sea or in the front line of battle. .... 

The most recent disaster will in no way impede our progress. This is no time to quit, and we 
will carry on to completion the work which these men began and in so doing gave up their lives. 


A growing circle of astronomers knew Arthur Wyse as a young scientist of excellent 
ability and much promise. His immediate associates remember him as, above all, a man 
of flawless integrity, a sympathetic friend, and a person of great charm. Elegant in 
body and in mind, he would have gone far in any walk of life he might have elected 


to follow. 
W. H. Wricut 
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THE GALACTIC CLUSTERS NGC 2126 AND NGC 2194 
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ABSTRACT 


The galactic clusters NGC 2126 and NGC 2194 are examined photometrically, and the relations be- 
tween red color indices and apparent magnitude are obtained. In the case of NGC 2126 a well-defined 
main sequence and a giant branch containing red stars are in evidence. New values for its distance and 
color excess, estimated from the color-magnitude relation, are 950 parsecs and 0.8 mag. NGC 2194 has a 
poorly defined main sequence and a group of giants, whose absolute magnitudes appear to be a magnitude 
fainter than usual. For NGC 2194 the distance and color excess estimates are 1200 parsecs and 0.9 mag. 
These distances are considerably smaller than those previously given. The average star densities in the 
two clusters are high (8 stars/parsecs*) and appear to indicate again that the smaller clusters have some- 


what higher average star densities than the larger ones. 


A serious deficiency in our knowledge of the galactic clusters still exists because of 
the fact that very few of the objects with small angular diameters have been thoroughly 
investigated by either spectrographic or photometric means. For this reason the present 
work on the colors of stars in two of these clusters is of interest. 

NGC 2126 and NGC 2194 are typical galactic clusters having apparent diameters of 
approximately 6 minutes of arc and located in uniform, moderately rich star fields. The 
co-ordinates and previous estimates of distance are given in Table 1. 


TABLE 1 


1900 DISTANCE 
NGC b | Type* | 
P | Trumpler* Shapleyt 
| | (Parsecs) | (Kpc) 
49°9 131° | 14° | II12p | 
2194 12.8 165 — 0.8 | I2r 2520 


* Lick. Obs. Bull., 14, 154, 1930. t Star Clusters, Appen. B., New York: McGraw-Hill, 1930. 

Red color indices (AX 4300-6200) for 282 stars in the two clusters were obtained from 
plates taken with the 36-inch reflector of the Steward Observatory in Tucson. Magni- 
tude sequences were obtained partly from equal-altitude comparison exposures with 
Messier 35? and partly from polar comparisons made with the 36-inch reflector of the 
Goethe Link Observatory in Brooklyn, Indiana. Measurements were made with an im- 
age scale, and other details are similar to those described in Harvard Annals, Volume 
106, No. 2. For the observational material and the probable errors of the magnitudes of 
cluster stars see Table 2. The probable errors of the red color indices are +0.08 in 
NGC 2126 and +0.11 in NGC 2194. 

The relations between color and apparent red magnitude (Figs. 1 and 2) show, in 
NGC 2126, a giant branch and a well-defined main sequence. The absence of stars with 


! Lieutenant, U.S.N.R., U.S. Naval Academy, Annapolis. 
2 Harvard Ann., Vol. 106, No. 2. 
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apparent red magnitudes between 14 and 15 is perhaps worth noticing as a peculiarity, 
In NGC 2194 the main sequence is poorly defined, and there is an unusual group of 
giant stars near m, = 13.3,C, = 2.2. These stars are contributed mainly by the central 
part of the cluster, and they probably are cluster members. Judging from their position 
with respect to the cluster’s main sequence, their absolute magnitudes are low, and about 
1 mag. fainter than normal giants. 

In NGC 2126 there are no colors less than 0.65 mag., and in NGC 2194 there is only 
one star with a color index less than 0.5 mag. The lack of white stars is probably due to 
selective absorption. If the color-magnitude relations are compared with that of Messier 
38, the values shown in Table 3 may be obtained for the color excesses and distances. 


TABLE 2 


NUMBER OF LONG 


| 
NUMBER OF Com- 
PROBABLE ERRORS 
EXPOSURES 


PARISON EXPOSURES 
oF CLUSTER 


NGC | 
| Red | Blue Red Blue Red Blue 
| 7 | #9 3 3 | +0.050 +0061 
| 8 8 2 +0.074 +0083 
| 
TABLE 3 
| : Linear No. of 
‘ol | sta é 
(Parsecs) | Stars 
omg 950 | 90 
* Corrected for absorption, using Asz00 = 2x (color excess). 


The star densities in these clusters, considered as the average over the whole cluster, 
are high: 7.8 stars/parsecs* in NGC 2126 and 8.6 in NGC 2194. These figures may give 
a somewhat misleading impression as to the richness of the clusters, for the total num- 
bers of cluster stars observed is only 90 in NGC 2126 and 120 in NGC 2194. Inasmuch 
as the densities are very sensitive to the distances, and therefore to the exact value of the 
ratio between color excess and general absorption, and also because the boundaries of the 
clusters are poorly defined, the densities cannot be regarded as more than a rough indica- 
tion. They do confirm, however, an earlier conclusion that the average stellar densities 
in these small, relatively poor clusters are higher than the average densities observed in 
many of the larger and richer objects. In fact, the average density over the whole of a 
small cluster like NGC 2194 may be compared with the central density in Messier 37% (18 
stars/parsecs*), for example. 

A conclusion reached in Harvard Annals, Volume 106, No. 2, that the distances of 
galactic clusters of small apparent diameter tend to be overestimated, is confirmed by 
the present material. A great deal more work on these objects must be completed, how- 
ever, before we may expect to obtain a reliable estimate of the frequencies of linear 
diameters of the galactic clusters in general. 


3 Shapley, Star Clusters, p. 203. 
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TABLE 4 
STAR CATALOGUES: NGC 2126 AND NGC 2194 


NGC 2126* 


NGC 2126 


| 
No. | Rt | Mog | Mm | No | | Myg | omy | G No. | 
3| 6.00::| 5.00::| 1.00:: || 72...) 3} 14.51 | 13.58 | 0.93 || 24 
2...) 4] 11.89 | 10.37 | 1.52 || 73...) 3| 17.06 | 15.20 | 1. 86 25 
3...] 4] 12.44 | 10.65 | 1.79 |) 4] 17:04 | 15.30 | 1.74 || 26 
4...) 4 | 12.83 11.27 | 1.56 || 75...! 17.00 | 15.29: | 1.71: || 27 
S...{ 4] 14.35 | 13.41 | 0.94 || 76..:| 4] 17.38 | 15.46 | 1.92 28 
6...| 5 | 15.50 | 14.37 | 1.13 |} 77...) 4] 15.25 | 14.16 | 1.09 29 
| 14.30 1.05 || 78...| 4 | 15.54 | 14.57 | 0.97 || 30 
§ | 12.34 11.52 | 0.82 || 4] 16.77 | 13.26 | 32 
10 -+| 5 ) 13.05 11.16 ; 1.89 | 81 | 4 16.28 14.99 | 1.29 33 | 
M1...) 5 | 13.98 13.05 | 0.93 || g2...| 4] 17.11 | 15.35 | 1.76 || 34...| 
36 | 15.30 | 14.12 | 1.18 || 4] 16.57 | 15.01 | 1.56 || 35...| 
43...) 2| 12.56 | 11.19 | 1.35 || gg ‘| 4] 16.99 | 16.34 | 1.65 36 
14...) 3 | 14.97 | 13.88 | 1.09 || 85...) 4] 15.25 | 14.02 | 1.2 37 
1S...1 31 15:46 | 12.81 | 0.65 || 86...| 4] 13.66 12.88 | 0.78 38 
3 15.40 | 14.27 | 1.13 |] 15.46 | 14.01 | 1.45 || 39 
17...) 4 | 15.00 13.95 | 1.05 || gg 41 45:36.) $4.17 | £49 46 
i...) 43 01 12.28 | 0.731} a9 4 | 15.00 13.64 1.36 
19...| 5 | 13.96 | 13.23 | 0.73 || Bab 
| 5 | 6 | 1 90 4| 17.45 | 15.63 | 1.82 || 42 
20a. .| 6 14.27 13.16 | 1.11 91 15.13 
5 14.79 13.74 1.05 92 45231 94.25 1.06 
| 15.39 | 14.18 | 1.21 || 93 4/1722 | 15.25 | 1.97 || 48 
23...| 5 | 16.05 13.93 | 94 4 | 17.18 14:08 | 2:90 || 46 
24s..| 6 14.41 13.53 0 88 | 95 4 | 16.70 15.22 s 48 || 47 
6 43 12 87 || 97 6 13.81 13.04 0 49 
32 | 1 | 101 16.49 | 14.90 | 1.59 53 
5 | 16.58 | 15.09 | 1.49 54 
Si...) 2) 12.77 | 11.47 | 1.30 403 55 
16.08 | 14.71 | 1.37 56 
II. } 13.75 12.74 1.01 105 5 13.91 12.73 1.18 
34...| 1] 14.67 | 13.64 | 1.03 || 1433 
5} 13.24 | 11.04 | 2.20 58 
36...| 1] 16.71 | 14.62 | 2.09 || 19 
37...| 1] 13.33 | 12.48 | 0.85 |] too Tam 
38..:| 1| 17.24 | 15.05 | 2:19 || | 
| | 110 } 1.91 62 
39... 1] 16.64 | 15.00 | 1.64 || 444 s | 16.47 | 14.87 | 1.60 
40...| 2| 15.40 | 13.87 | 1.53 || 63 
42...) 2| 14.50 | 13.11 | 1.39 || 143 || 65 
2| 15.08 | 13.88 | 116 || 66 
44...| 2] 17.02 | 15.16 | 1.86 || 
45...| 13.41 | 12.70 | 0.71 || 
2] 13.92 | 1308 | oss | 70 
48... 3] 17.22 | 15.28 | 1.94 ||— = 
49...] 2 14.31 | 13.51: | 0.80j:/| 1...) 1 | 15.63 | 14.56 | 1.07 33 
2] 11.88 | 11.10 [0.78 || 2...) 1) 14.89 | 13.25 | 1 68 
1] 16.70 | 13.55 | 3.15 || 3 1| 15.61 | 14.42 | 1.19 
52... 1] 17.33 | 15.39 | 1.94 4...| 1] 16.04 | 14.89 | 1.15 75 
53...| 1 | 13.75 | 12.89 | 0.86 1/1611 | 14.91 | 1.20 || 76 
54...| 16.68 | 15.30: | 1.38): | 15:95 | T4085 | 
55...| 1] 14.18 | 13.10 | 1.08) || 7...| 1| 14.56 | 13.42 | 1.14 || 78 
56...| 1 | 14.02 | 13.13 | 0.89 4 13276 | 12.36 | 79 
2 193534 400,78 9 1 | 15.90 | 14.81 | 1.09 0 
2) 25.20: | 1.17 10 1 | 15.36 | 14.46 | 0.90 81 
59...| 2] 16.48 | 14.98 | 1.50 11 1] 14.91 | 13.72 | 1.19 82 
60...| 2] 14.36 | 13.48 | 0.88 12 1] 15.41 | 13.24 | 2.17] || 83 
61 3 | 16.34 | 14.95 | 1.39 13 £5.25. |: 43.20 | 2:65 84 
62.. 3 | 16.76 | 14.74 | 2.02 14 1 | 14.68 | 13.48 | 1.20 85 
63...| 3] 17.37 | 15.38: | 1.99: 15 1 15.35 | 13.00 | 2.35 86 
64.. 3 | 16.98 16 2} 25-61 14.63 | 0.98 87 
65...| 3 | 17.11 | 15.35: | 1.76: || 17 2| 15.34 | 13.03 | 2.31 88 
66. 3 | 16.84 | 15.03 | 1.81 18...| 2] 15.14 | 13.92 | 1.22 89 
67. 3 | 13.96 | 13.24 | 0.72 19 2 13.61 | 12.92 | 0.69 90 
68...| 3 | 13.82 | 13.00 | 0.82 20 2 13.81 | 13.00 | 0.81 1 
69...| 3 | 16.92 | 15.26 | 1.66 21 2| 16.00 | 14.62 | 1.38 92 
70...| 3 | 14.74 | 13.86 | 0.88 22 2/ 14.82 | 13.93 | 0.89 93 
71...| 3 | 14.92 | 13.72 | 1.20 23 21 45:51 | 44.38 
| 
* Abbreviations: d, double; : uncertain; | stars close together. t Ring. 


NGC 2194 


Mpg | Mr 
14.68: | 11.17 
16.20 | 

16.30 | 15.14 
15.45 | 12.90 
14.57 | 12.70 
14.32 | 13.36 
16.11 | 14.44 
15.30 | 13.44 
15.30 | 14.05 
5.11 13.97 
13.94 | 12.31 
14.44 | 13.59 
15.00 | 14.07 
15.93 | 15.05 
15.33 {| 44.25 
5.07 | 13.96 
5.78 13.54 
5.26 13.00 
16.17 | 14.87 
16.10 14.58 
5.55 14.63 
15 66 14.56 
15.17 13 96 
15.10 | 13.93 
12.58 12.10 
15.60 13 53 
15.13 14.05 
15.40 14.40 
"5.73 14.49 
15.69 14.49 
15.03 13.74 
14.52 13. 66 
15.74 13.67 
13; 32 11 06 
14.98 14.05 
15 36 14.51 
14.41 
15.80 | 14.67 
15.10 | 14.05 
16 04 14 91 
15 67 14.44 
15.71 13 58 
15.48 14.68 
14.48 13.28 
14.91 13. 84 
15.57 14.64 
13.18 12.23 
14.64 | 13.56 
15.87 14 94 
15 41 14.29 
15.70 14.55 
16.04 14.79 
15 33 14.24 
15 53 14.47 
16 08 14.71 
16.16 14.99 
16 20 14 80 
16.41 | 14.41 
15.54 13.24 
15 81 14 65 
15.66 14.50 
14.30 13 01 
15.70 14 42 
15 66 14 48 
15.39 14.07 
13.48 12.23 
14.08 12.95 
15.70 14.06 
15.38 14.22 
15.39 14.00 
15.62 14.64 


} 
| 


| CG 
| 3.51; | 
| 
| 2.55 
1.87d 
| 0.96 
| 1.67 
| 1.86 | 
1 1.25 } 
1.14 
| 1.63 
0.85 
0 93 
0 88 
| 1.08 
| 2.24 
2.26 
} 1.30 | 
| 1.52 
| 0.92 
| 1.10 
1.21 
| 0.48 
2.07 
| 1.08 
1.00 
1 26 
120 
1 29 
0 86 
2.07 
2.26 
0.93 
0.85 
0.72 
13 | 
05 
13 
23 
13 
4 80 | 
20 } 
07 
93 
95 
Mi 08 
93 
12 
15d 
25 
09 
06 
37 
17 
i 40 
3 00 
; 30 
16 
16 
29 
28 | 
18 
32 
25d 
13 
64 
16 
39 
0.98 
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TABLE 4—Continued 


| | 
NGC 2194 | NGC 2194 | NGC 2194 

o. | R | | cr || No. | R| | lc No. | R | C 
No. | ™og mr me No. | | Mog } mr | r No. Mog mr r 
95...| 3 | 15.52 | 14.27 | 1.25 || 119...) 4] 14.80 | 13.13 | 1.67 || 144 5 | 15.18 | 14.00 | 1.18 
96...| 3] 12.35 | 10.44 | 1.91 || 120...| 4] 14.48 | 13.50 | 0.98 || 145. 5 | 15.08 | 13.85 | 1.23 
97...| 3| 14.77 | 13.17 | 1.60 || 121. | 4] 16.15 | 14.72 | 1.43 || 146 5 | 14.88 | 13.56 | 1.32 
98...) 4 | 15.00 | 13.93 | 1.07 |] 122...] 4) 15.54 | 14.38 | 1.16 |} 147. 5 | | $3.72 1 
99...| 4 | 16.36 | 15.07 | 1.29 || 123...| 4 | 16.15 | 14.88 | 1.27 || 148. 5 | 14.05 | 13.20 | 0.85 
100...) 4 | 15.97 | 14.69 | 1.28 |] 124...] 4] 15.39 | 14.29 | 1.10 |} 149. 15.83 | | 4.28 
101...) 4] 15.49 | 13.32 | 2.17 |] 125...) 4] 15.28 | 14.11 | 1.17 |] 150. 5 | 16.17 | 14.55 | 1.62 
4) 49.88 0.30) 4| 16.09 | 13.64 | 2.45 || 151. 5 | 15.06 | 13.84 | 1.22 
103...| 4] 15.65 | 14.55 | 1.10 || 127 4 | 15.96 | 14.70 | 1.26 || 152 5 | 18.25. | | 
104...| 4 | 15.45 | 14.13 | 1.32 || 128 4} 16.10 | 14.97 | 1.13 || 153 5 | 15.30 | 14.28 | 1.02 
104a../ 4 | 16.55 | 14.52 | 2.03 || 129 5 | 16.06 | 14.75 | 1.31 || 154 5 | 15.59 | 13.23 | 2.36 
105...| 4 | 16.02 | 14.75 | 1.27 || 130...) 5 | 14.72 | 13.68 | 1.04 || 155 5 | 15.72 | 14.65 | 1.07 
106...) 4] 15.91 | 14.64 | 1.27 |] 131...) 5 | 16.11 | 14.60 | 1.51 |] 156...) 5 | 13.76 | 12.54 | 1.22 
107 16.16 | 15.25 | 0.91 || 132...) 5 | 15.44 | 14.10 | 1.34 || 157...| 6 | 10.72 | 9.89 | 0.83 
108... 4] 15.47 | 14.46 | 1.01 |) 133 5 | 16.06 | 14.97 | 1.09 |} 158...] 6] 12.91 | 12.39 | 0.52 
109...| 4 | 15.24 | 13.98 | 1.26d || 134 5 | 15.60 | 13.30 | 2.30d || 159...) 6 | 15.57 | 13.94 | 1.63 
110...} 4] 14.62 | 13.54 | 1.08 |} 135 34:29 | | 160...) 
111...| 4] 16.14 | 14.87 | 1.27 || 136 £5.25 | | | 
112 4 14.98 | 14.00 | 0.98 |) 137 13:82) | 12.590. 
113 4] 16.13 | 14.77 | 1.36 || 138 S| 16.03 | 14.85 | 1.18 || 163...) 6] 15.57 | 14.40 | 1.17 
114...} 4] 16.18 | 14.91 | 1.27d || 139 5 | 16.18 | 14.88 | 1.30 || 164...) 6] 11.45 | 10.70 | 0.75 
115. 4/1619 | 14.00 | 219 || 140 5 15.54 | 14.38 | 1.16 || 165...) 15.16 | 13.18 | 1.98 
116 414.55 | 13.58 | 0.97 || 141 5 | 13.58 | 13.03 | 0.55 || 166 6 | 15.41 | 13.20 | 2.21 
117 4] 13.21 | 11.55 | 1.66 || 142 5 | 15.10 | 13.96 | 1.14 167. 6 | 14.30 | 13.11 | 1.19 
118 4/ 15.29 | 14.25 | 1.04 |] 143 5 16.08 | 14.94 | 1.14 | 


Acknowledgments are made to Dr. E. F. Carpenter and to the University of Arizona, 
for the use of plates taken with the reflector at Steward Observatory; to Dr. Goethe 
Link, for the use of the equipment of the Link Observatory; and to Indiana University, 
for a fellowship which enabled me to complete the measurements and reductions. 
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MEASUREMENTS IN THE SPECTRUM OF 7 SCORPII* 


PauL W. MERRILL AND WALTER S. ADAMS 


Mount Wilson Observatory 
Received December 17, 1942 


ABSTRACT 


Three coudé spectrograms, dispersion 2.9 A/mm, provide the basis for a brief study of the widths 
and displacements of lines of H, He, O, Ne, and other elements. Total widths are approximately as fol- 
lows: H, 23 A; He, 1-8 A; O, Ne, etc., 0.5 A. With a few exceptions, lines of various elements yield ac- 
cordant values of the radial velocity. Some of the exceptions are possibly to be explained by the instabil- 
ity of certain lines in the laboratory. The profiles and displacements of the He lines offer strong evidence 
of the Stark effect. 


Because of its numerous narrow lines, the spectrum of 7 Scorpii! has received consid- 
erable attention, lists of lines having been published by several observers.” The presence 
of lines of ionized neon, discovered by Menzel and Marshall,’ is the subject of two special 
articles.* 

Spectrograms, dispersion 2.9 A/mm, obtained with the coudé spectrograph on Mount 
Wilson on May 29, June 2, and June 30, 1942, serve As the basis for the following discus- 
sion. The emulsion employed was the very fast Eastman 103a-O, which is coarse-grained 
but has fair contrast and gives excellent results for spectra as wide as these (1 mm). The 
spectral region extends from \ 3300 to 44720. Wave lengths of the lines have been 
measured by Miss Cora G. Burwell. Microphotometer tracings, made by Miss Louise 
Ware and Miss Dorothy Davis, have been useful in various ways. 


WIDTHS OF LINES 


The hydrogen lines are diffuse, without marked cores; their profiles appear symmetri- 
cal. On the tracings (see Figs. 1 and 2) the series seems to end rather abruptly with #15 
\ 3712; the line 116 \ 3704 is blended with He 1 \ 3705, while the lines following are not 
recognizable. The widths of various lines in the series are nearly the same (see Table 1), 
the decreasing intensities of the ultraviolet lines being compensated by greater diffuse- 
ness. The widths of the He1 lines vary decidedly from series to series. The He 11 line 
\ 4686 is slightly diffuse. Many narrow lines occur throughout the spectrum, a consider- 
able proportion of which may be identified with O 11 or Ne 11; most of the others are due 
toCu, Cm, Nu, Nin, Om, Mgu, Alm, Sim, Sitv, Sm, or Cat. 

The total widths (Table 1) of lines of various elements, measured from the tracings, 
are subject to the usual uncertainty in determining the precise limits to which the wings 
extend. The uncertainty is considerable for the hydrogen lines, decidedly less for the 
helium lines. It is numerically very small for the narrow lines but, nevertheless, for any 
given line is a considerable fraction of the whole width. The values in Table 1 for O, Ne, 
C, N, and Si are means for a group of the stronger lines of each element on two or three 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 672. 
1HD 149438: 1900 R.A. 16529™7; Dec. —28°1’; mag. 2.9; spectrum BO. 


2 O. Struve, AA 4026-4713, Ap. J., 74, 225, 1931; Struve and Dunham, Ad 3945-4713, Ap. J., 77, 321, 
1933; R. K. Marshall, AA 3867-4922, Pub. Obs. Univ. of Mich., 5, 137, 1934; Adams and Dunham, 
dA 3097-3244, Mt. W. Contr., No. 583; Ap. J., 87, 102, 1938; O. Struve, AX 3298-3965, A p. J., 90, 699, 
1939, 


3 Proc. Nat. Acad. Sct., 19, 879, 1933. 
4H. Kihlborn, Zs. f. Ap., 8, 190, 1934; R. F. Sanford, Pub. A.S.P., 50, 244, 1938. 
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plates. Lines of Out, Cu, Cm, Sim, and Si iv appear slightly wider than those of 


Ou, Neu, and Nu. 
Excellent determinations of the profiles of the hydrogen lines and of most of the 


helium lines could be derived from these high-dispersion spectrograms. The lines of other 


Han Nell || 
3722 3727.1) [3727.3 


3694 


ou 
3954 


Hel 
3964 


Fic. 1.—Microphotometer tracings of portions of the spectrum of + Scorpii. Scale, 0.32 A/mm 


elements are so narrow that their observed profiles depend largely upon the instrument 
and the photographic emulsion. The intrinsic profiles are, however, not entirely ob- 
scured. Even the narrower lines in 7 Scorpii are, for example, appreciably wider than the 
narrowest interstellar lines shown (in other stars) by the same spectrograph. 
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In the narrower lines of moderate intensity, nearly all the absorption appears to lie 
within 0.1 A, or 7 km/sec, of the center of the line. With an allowance for the instru- 
mental profile, this value can be accounted for by the probable kinetic motions of the 


Nell om 
439! 4395 


ou 
435! 


on 
4416 


Fic. 2.—Microphotometer tracings of portions of the spectrum of  Scorpii. Scale, 0.32 A/mm 


atoms in the stellar atmosphere. Other types of motion, such as rotation or turbulence, 
must therefore have very small components in the line of sight. A similar result had pre- 


viously been obtained by O. Struve’ for y Pegasi. 
5 Proc. Nat. Acad. Sci., 18, 585, 1932. 
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The temperature of the reversing layer may, in principle, be determined from the 
structure of the lines if the profiles depend essentially upon the kinetic motions of the 
atoms. The narrow lines of oxygen (or of elements of higher atomic weight) would not 
yield accurate values because the intrinsic profiles are too narrow in comparison with the 
resolving-power of spectrograph and photographic emulsion. Since the widths of the 
lines, when due to kinetic motions, are inversely proportional to the square roots of the 
atomic weights of the atoms, the lines of hydrogen should be four times as wide and the 
helium lines twice as wide as those of oxygen. Because of their sensitivity to Stark effect, 
the hydrogen lines and most of the helium lines clearly exceed these limits (see Table 1) 


TABLE 1 
TOTAL WIDTHS OF LINES 


HELIUM HYDROGEN 
| 
Triplets | Singlets | 
| | 23 
| 
| 
Diffuse............. | 3820 | 7.5 | 4388 | 63 |= 
3705 6.5 | 4143 4.6 Various ELEMENTS 
3634 5.2 | 4009 4.5 
| 3587 4.9 3926 
| |) Ow dd 3377-4185.....| 0.48 
| | dA 4317-4649... 62 


and are thus unavailable. The singlets of both the sharp and the principal series of heli- 
um are narrower than the other helium lines and on a fine-grained emulsion or with some- 
what higher dispersion (say 2 A/mm) might yield an approximate temperature or at 
least a reliable upper limit. A slight amount of Stark broadening would, however, cause 
this upper limit to be too high to be of much value. 


DISPLACEMENTS OF LINES 


With a few exceptions, lines of various elements yield accordant values of the radial 
velocity (Table 2). Even the hydrogen lines, although diffuse and difficult to measure, 
give very nearly the same velocity as the narrow lines. Most of the helium lines (Table 3) 
are displaced toward the red by a few kilometers per second—a fact of interest in the dis- 
cussion of Stark effect. 


| 


on 
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Oxygen lines.—The results for the oxygen lines are based on the wave lengths by A, 
Fowler.’ The slight divergence of the velocity from O 11 lines (Table 2) may arise from 


TABLE 2 
DISPLACEMENTS OF LINES OF VARIOUS ELEMENTS 
| PLATE 
as, Cé 2789 Cé 2804 Cé 2814 MEAN 
ELEMENT 2 
VELOCITY 
No. of No. of No. of 
Vel. Lines Vel. Lines Vel. Lines | 
km/sec km/sec km/sec km/sec 
—1.2 2 —1.0 3 —2.8 3 —1.8 
—0.8 13 —0.9 13 —2.1 10 —1.2 
—-1.7 6 —-1.3 7 —3.0 4 —1.9 
—1.4 53 —1.2 74 —1.7 51 —1.4 
+1.3 4 +0.5 3 +1.8 7 +1.4 
—1.6 10 —2.2 19 —3.3* 16 —2.4 
—0.7 7 +1.0 6 —2.3 5 —0.7 
See | —1.3 4 —0.6 5 * —1.9 5 —1.3 
| —1.4 7 —1.9 10 —1.7 10 —1.7 
| —-1.8 1 —0.4 -4.3 1 —2.2 
* —4.4km/sec from 35 lines. See text. 7 oe 
TABLE 3 
DISPLACEMENTS OF HELIUM LINES 
TRIPLETS | SINGLETS 
SERIES 
| Km/Sec Km/Sec 
4026 +2.3 4143 +5.3 
3819 | +4.5 4009 +4 
3705 +2.7t 3926 +4+ 


* Several close lines. 


t Blend with the weak 16 line. 


some peculiarity of the stellar atmosphere or, more probably, from the instability of the 
laboratory wave lengths of O 11 mentioned by Fowler. 


6O 1, Proc. Roy. Soc., A, 110, 476, 1926; O 111, ibid., 117, 317, 1927. 
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Neon lines.—The wave lengths of the Ne 11 lines were taken from the investigation by 
De Bruin and Bakker.’ Measurements in the spectrum of 7 Scorpii appear to show a cor- 
relation between intensity and displacement, the stronger lines yielding algebraically 
greater velocities. The range is about 3 km/sec from the weakest lines measured (in- 
tensity 3 on the scale of De Bruin and Bakker) to the strongest (intensity 10). No de- 
pendence upon intensity is shown by the numerous lines of O 11. 

On plates Cé 2789 and 2804 all the measurable lines of Ne 11 have longer wave lengths 
than \ 3470; the mean measured displacements on the two plates are — 1.6 km/sec and 
—2.2, respectively. On plate Cé 2814, numerous lines of shorter wave length also were 
measured. Mean displacements are in Table 4. 


TABLE 4 
DISPLACEMENTS OF LINES OF Nett ON PLATE C£ 2814 


Km/Sec No. 


The lines \ 4392 and d 4398 are displaced toward the red with respect to the other 
lines of Ne 11 by approximately 0.1 A, an amount decidedly above the error of observa- 
tion; \ 4428 and \ 4430 are systematically displaced in the same direction by a smaller 
amount. All four lines have been omitted in forming the mean velocity from Ne 11. 

All these relatively small discrepancies are probably to be ascribed to differences in 
behavior of various multiplets. Possibly some of the lines are slightly unstable under 
laboratory conditions. 

Carbon lines.—The C 11 line \ 3918.98, perhaps somewhat reinforced by N 11 \ 3919.00, 
is well separated from O 11 \ 3919.28. The C 0 line \ 3920.68 is present in moderate in- 
tensity. These C 1 lines, as well as Si 11 \ 3924.44, appear slightly less sharp than O 11 
\ 3919.28. The double C 11 line \ 4267.02, \ 4267.27, measured as a blend on two plates, 
yields the mean wave length, reduced to zero velocity \ 4267.14, which is reasonably ac- 
cordant with the value \ 4267.16 adopted by the Committee on Radial Velocities of the 
International Astronomical Union.* On plate Cé 2804 the two components, although not 
well resolved, were measured separately. These components could probably be separated 
on a fine-grained contrasty emulsion. 

The C 111 lines \d 4647, 4650, and 4651 are very strong (see Fig. 2). The wave lengths 
of \ 4650 and A 4651 appear slightly greater in the star than in the laboratory. 


HELIUM LINES 


Previous observers have concluded that the observed widening of lines of hydrogen 
and helium in early-type stars is caused largely by Stark effect. A convenient summary 
of laboratory data for helium has been compiled by Foster and Douglas.’ We present ob- 
servational data for 7 Scorpii without attempting a general discussion. An adequate the- 
oretical treatment would involve the complex problem of the precise relationship between 
the behavior of lines in steady electric fields and the broadening which results from the 
electric fields and kinetic motions of particles in a gas. 

Displacement of lines.—The data in Table 3 represent the measured displacements of 
the helium lines in 7 Scorpii. The displacements relative to other lines, obtained by sub- 


7 Zs. f. Phys., 69, 19, 1931. 
8 Trans. 1.A.U., 4, 187, 1932. *M.N., 99, 150, 1939. 
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tracting the stellar velocity, — 1.4 km/sec, correspond in many details to displacements 
which might be given the lines by Stark effect. The principal singlets are displaced to 
the violet; all other measured series to the red. Moreover, within each series the lines of 
shorter wave length tend to have the greater displacements. These facts apparently con- 
stitute strong evidence in favor of the actual modification of line profiles by electric 
fields.!° 
Sharp series.—The singlet line \ 4437 is narrow without appreciable asymmetry; 
\ 4168, blended with a line of O 11, probably has similar structure. The triplet lines, al- 
though slightly wider, are well defined and without wings. 
Principal series.—The singlet lines are narrow and sharp. The only triplet line in the 
observed spectral region, \ 3888, is blended with the strong //¢ line. 
Diffuse singlets—The lines in both diffuse series are much wider and more diffuse than 
those in the other series (Table 1). Those in the singlet series are nearly symmetrical. 
Diffuse triplets —The profile of \ 4471 (Fig. 2) is much like that given by Foster and 
Douglas? for y Pegasi and « Herculis. The details on the violet side are somewhat more 
clearly brought out. These include the O 11 lines, for which Fowler’s laboratory wave 
lengths and intensities® are: 
d 4465.40 (4) 
66.32 (2n) 
67.88 (4) 
69. 32 (3) 


On our plates the second line is wider than the others; it may possibly be double with 
a separation of about 0.2 A. A trace of a fainter O11 line, \ 4467.55, may be present. 
The width of the red wing of the helium line is at least 3 A, possibly 4; that of the violet 
wing, probably 5 A. The measured wave length of the center of the relatively broad 
minimum between O 11 \ 4469.32 and the chief helium component A 4471.48 is \ 4469.96. 
As previous observers have pointed out, this is near the position of the forbidden line 
2’P — 4°F for an electric field of zero intensity. 

In the next line of the series, \ 4026 (Fig. 1), the red wing is about 3.7 A wide, the 
violet wing 4.5 A. A weak minimum, represented by a notch on two tracings and by a 
decrease of slope on a third, is at \ 4025.5, the position of the forbidden 2*P — 5°F and 
2°P — 5%G lines (zero field). 

In the three succeeding lines, \ 3819, \ 3705 (Fig. 1), and \ 3634, the violet wing is 
somewhat stronger than the red. The next line, \ 3587, is weak and diffuse, but appears 
nearly symmetrical. 

In spite of certain important difficulties of interpretation, the general conclusion is 
that the observed profiles and displacements of the helium lines indicate the influence of 


Stark effect. 


10 A certain reservation must be made for the triplets, because, according to the usual practice, the 
wave lengths assumed for these lines were those of the principal components. The weaker components 
lie to the red and thus, if they appreciably affect the line structure, would cause spurious positive dis- 
placements. 
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THE STRUCTURE OF INTERSTELLAR H AND K LINES 
IN FIFTY STARS* 


WALTER S. ADAMS 


Mount Wilson Observatory 
Received December 22, 1942 


ABSTRACT 


The structure of the interstellar H and K lines of Ca 1 appearing in the spectra of 50 stars of early 
type has been studied in the second order of the grating spectrograph at the coudé focus of the 100-inch 


‘telescope. The camera has a focal length of 114 inches and gives a linear scale of 2.9 A/mm. 


More than 80 per cent of the stars show complex lines consisting of two to five components. Stars in 
various regions show differences in complexity, those in Perseus and Scorpius as a rule having single 
lines or at most lines with a faint component, while those in Orion, Sagittarius, and Cygnus usually show 
more intricate structure. The intensities of the components have been estimated. Measurements of 
their radial velocities provide a means of distinguishing individual interstellar clouds in various portions 
of the sky. Many of the clouds are found to extend over great areas. The narrowness of the components 
affords strong evidence for the discrete character of the clouds and the absence of any considerable tur- 


bulence. 
The spectra have been examined for the additional narrow interstellar lines discovered and identified 


during recent years, and their intensities have been estimated. Lines of Ca 1 and Fe I seem to appear only 
in stars which show very strong H and K lines, while those of the diatomic molecules CV, CH 1, and CH 11 
may occur when H and K are relatively weak. The lines of CH 1 and CH 1 showed marked differences of 
intensity in various stars. The radial velocities from some of these additional lines in a few selected stars 
have been compared with the velocities from the components of H and K in the same stars. In this way 
it has been possible to distinguish the interstellar clouds in which the various lines are formed. 


Since the original discovery by C. S. Beals! of the doubling of the interstellar H and K 
lines of ionized calcium in the spectra of several stars, a considerable number of addition- 
al stars showing similar effects have been found, largely through the work of R. F. San- 
ford.? Most of these spectra have been studied with the moderate dispersion best adapted 
for the investigation of the broad and hazy stellar lines usually characteristic of early- 
type stars. The use of very high dispersion, however, is especially favorable for the study 
of interstellar lines because of their remarkable sharpness and narrowness; and an addi- 
tional advantage is the fact that stellar H and K, if present, are widened and made so 
diffuse that the interstellar lines stand out clearly upon them and may be recognized 
without difficulty. 

The 50 stars considered in this investigation range in spectral type from 06 to cApe 
(v Sagittarii) and cA2 (a Cygni) and in apparent magnitude from 1.8 to 6.1. The spectra 
have all been taken in the second order of the grating spectrograph at the coudé focus of 
the 100-inch telescope. The camera has a focal length of 114 inches with a concave mirror 
36 inches in diameter. No Schmidt correcting plate is necessary because of the relatively 
small ratio of aperture to focal length,* and hence there is no glass in the entire optical 
train. The photographic plates consist of two strips, each 10 inches long, placed end to 
end upon the slightly curved rails of the plateholder. The region covered on a well- 
exposed spectrogram usually extends from about \d 3600 to 4700. The grating has 
sometimes been rotated to include the region near Hf. The linear scale of the spectra is 
closely 1 mm = 2.9 A, becoming slightly larger toward longer wave lengths. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 673. 
'M.N., 96, 661, 1936. 
2 Pub. A.S.P., 51, 238, 1939. 
3 The concave mirror is large in order to provide full illumination over a long plate. 
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The photographic emulsions used have been chiefly Cramer Hi-Speed Special and 
Eastman Experimental 103a-O. The latter has proved to be the most rapid emulsion so 
far employed and gives excellent results for fairly wide spectra in spite of the coarseness 
of its grain. A few spectrograms of exceptionally interesting stars have been made on 
Cramer Contrast plates, with a marked gain in resolution and visibility of faint lines; but, 
in general, the necessaty exposure times have proved prohibitive. Most of the spectro- 
grams obtained in the course of the search for new interstellar lines have been equally 
useful for the present study. 

Table 1 gives the results for the 50 stars so far investigated. Single spectrograms have 
been used for about half the stars, and from two to seven for the remainder. The first 
seven columns give the constellation designations or Henry Draper numbers, right ascen- 
sions, declinations, magnitudes, and spectral types,.and galactic latitudes and longitudes. 
The types are taken directly from the list of stars investigated for interstellar lines by 
P. W. Merrill and others,‘ with the addition of a few from the Henry Draper Catalogue, 
which are given in parenthesis. 

The eighth and ninth columns give the intensity of each component observed in the 
H and K lines, estimated upon an arbitrary scale. Faint components are always better 
seen in K than in H, partly because of greater intensity and partly because of occasional 
interference of the wings of He with H. The faintest line seen with certainty is given 
intensity 1; the few lines marked < 1 are not certain but probable. The relative intensi- 
ties should be reasonably reliable in the lower range.but are much more doubtful when 
the intensity is high. Column 10 contains the radial velocities in km/sec of the individ- 
ual components reduced to the sun. These values are the combined results for K and H. 
The wave lengths used for H and K are those in the sun given in the Revision of Row- 
land’s Preliminary Table, \ 3933.684 for K and \ 3968.494 for H. Since the limit of 
resolution of lines of moderate intensity upon the spectrograms is about 0.10 A, differ- 
ences of velocity of less than 8 km/sec are subject to appreciable uncertainty. The ac- 
curacy in the measurement of well-separated components, however, should be high, dif- 
ferences between K and H, or between various spectrograms of the same star, rarely 
exceeding 2 km/sec. 

Although the usual correction for a solar motion of 20 km/sec directed toward R.A. 
270°, Dec. +30°, is probably not strictly applicable to stars of spectral types O and B, 
comparatively little error is introduced by its use. Accordingly, the radial velocities 
given in the final column of Table 1, the “residual velocities,” are those of the preceding 
column corrected upon this basis. 

Finally, some notes are given usually dealing with the character of the lines and the 
probability of unresolved components. 

A simple inspection of the results in Table 1 leads to several conclusions: 

1. More than 80 per cent of the stars observed show double or multiple interstellar 
lines. 

2. Areas in the sky show marked differences in complexity of interstellar lines. Stars 
in the direction of Perseus and Scorpius generally show single lines, while those in Orion, 
Sagittarius, Cygnus, and Lacerta are usually complex. In general, the lines in the stars 
nearest the galactic plane show the greatest complexity, although there are some notable 
exceptions, such as p Leonis, galactic latitude +54°, with triple lines, and  Aquarii, 
latitude — 46°, with double lines. In both stars, however, the interstellar lines are of very 
moderate intensity and indicate relatively thin absorbing clouds. 

3. Stars close to one another in the sky usually show much the same structure in the 
interstellar lines and similar relative intensities in the components. Illustrations are o and 
¢ Orionis, v and & Orionis, w' and vy Scorpii, 67 Ophiuchi and HD 165174, w and 15 
Sagittarii, and the stars in Lacerta. A striking exception is formed by 66 and 67 Ophiu- 
chi, in which the intensities of the two components are reversed. 


4 Merrill, Sanford, Wilson, and Burwell, Mt. W. Contr., No. 576; Ap. J., 86, 274, 1937. 
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PLATE VIII 


INTERSTELLAR LINES WITH HIGH DISPERSION 
Calcium K (left) and H (right). From top to bottom: « Orionis, p Leonis, 10 Lacertae, € Orionis, 
A! Orionis. Relative displacements from star to star correspond to the radial velocities at time of ob- 
servation. 
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PLATE IX 


INTERSTELLAR LINES WITH HIGH DISPERSION 


Calcium K (/eft) and H (right). From top to bottom: « Aquilae, HD 167264, x Aurigae, » Sagittarii, 
HD 199478. 
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PLATE X 


INTERSTELLAR LINES WITH HIGH DISPERSION 


From top to bottom: 
¢ Ophiuchi: left, K; right, \ 3957 and H 
P Cygni: left, K; right, \ 3957 and H 
uv Sagittarii: left, K; right, H 
a Cygni: left, K; right, H 
v Sagittarii: \ 4232 
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TABLE 1 
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INTERSTELLAR H AND K LINES 


| 1900 INTENSITY 
m Type b VELOCITY RESIDUAL VELOCITY 
| R.A. Dec K H 
km/sec km/sec 
3b38™/ +31° 58’ | 3.9 B2 —17°}128°}15 8 +9.5 +2. 
n Tau..... 3 42 |+23 48 | 3.0 (BSp) |—23 |134 |2 1 +15.5 +6.5 
Per..... 3 48 |+31 35 | 2.9) cB1 —16 {130 |15 8 +12.0 +4.8 
& Per. 3 52 |+35 30 | 4.0 O7n —12 |128 /18,2 10,1 +9.5,+25.4 +3.3, +19.2 
n Ori. 5 19 |— 2 29 | 3.4 BO —19 x +7.2, +24.2 —10.2, +6.8 
x Aur....- 26 |+32 7 | 4.9) cB3 |143 |9, 12 S52 —0.2, +10.6 —9.4,+1.4 
§ 27 @ 22 | 2.5 BO —16 |5 3 +13.2 —4.0 
Ori 5 30 |+ 952 | 3.7) O08 —10 |163 |6,2,9 |4,1,6 |4+5.6, +15.0, +23.3]|—-9.6, —0.2, +8.1 
Ori 5 31 5 59 | 2.9 —18 {177 |2,1,5 1, <1,3 |+7.4, +22.7, +30.9|—10.7, +4.6, +12.8 
e Ori 5 31 1 16 | 1.8 BO —16 |173 |2,4,8 1,2,9 —0.3, +10.2, +25.4)—17.6, —7.1, +8.1 
o Ori 5 34 |— 2 39 | 3.8 B2 —16 |175 |2,6 | +1.0, +22.9 —16.6, +5.3 
¢ Ori 5 36 |-— 2 0| 2.0 BOn —15 |175 |3,6 1,4 —4.7,+21.1 —22.2, +3.6 
Ori* 5 43 9 42 | 2.2] cBo —17 |182 |12,4,2 |6,3,1 |—1.7,+18.4, +31.4]—20.5, —0.4, +12.6 
x2 Ori* 5 58 8 | 4.7| cBlea 0 |40, 2 25,1 |+12.5, +28. —0.3, +15.8 
y Ori* 6 47 | 4.4] (B2)  |— 2 |162 |6,2 3,1 +15.6, +30.4 +1.5, +16.3 
Ori* 6 6 |+14 14] 4.4) (B3)  |—1 |164 |6,1 3,<1 |413.1, 433.5 —1.1, 419.3 
10 28 |+ 9 49 | cBO |204 |7;2,3 |4;1,2 |—13.0; —3.5, +16.4|-17.9, —8.4, +21.3 
SOO. 15 53 |—25 50 | 3.0 Bon +19 {315 1 —24.8 —15. 
15 54 |—22 20 | 2.5 Bin +22 |318 |1,6 <i3 —29.2, —13.6 —19.3, —3.6 
Sco..... 16 0 |-—19 32 | 2.9 Bl +23 |7 4 —11.0 —0.2 
wt Sco.....| 16 1|—20 24] 4.1] Bm |+22 |321 [1,4 <1,2 |—28.8,—9.5 —18.1, +1.2 
16 6 |—19 12 4.3) B3n +22 |323 |<1,10 <1,6 —11.7 —0.7 
ao Sco.. 16 15 |}—25 21 | 3.1) B1 +17 |319 |8 4 —8.5 +1.3 
p Oph Br..| 16 20 |—23 13 | 5.2 B3n +17 |7 4 -9.7 +0.8 
p OphFt | 16 20 |—23 13 | 5.9 B3n +17 1321 |6 4 —9.8 +0.7 
x Oph* 16 21 |-18 14] 4.8} B3e |+20 |325 |3,6 2,4 —27.5, —11.1 —15.7, +0.7 
¢~ Oph } 16 32 |—10 22 | 2.7 Bon +23 |334 |2,8 1,4 —30.7, —16.3 —16.6, —2.2 
66 Oph* 17 55 |+ 4 22 | 4.8 BSne |+12 |359 |2,7 1,4 —36.6, —19.4 —18.6, —1.4 
67 Oph.....| 17 56 |+ 2 56 | 3.9 cB7 +12 |358 |25,2 10,1 —15.4, +2.5 +2.4, +20.3 
165174*.....} 18 155 | 6.1 B2n +10 |357 |30,2 15,1 —10.8, +12.6 +6.8, +30.2 
102 Her: 18 4/420 48 | 4.3 B2 +17 | 15 |10,2 —25.7, —7.0 —6.0, +12.7 
18 8 |—21 5 | cB8ea {+ 3 |338 |20, 2,3 —8.2, +11.2, +27.1|+4.3, +23.7, +39.6 
Ser... 18 9 |—20 46 | 5.4) BO 3 |338 |10,2,5 6,1,3 —9.3, +8.4, +28.9 |+3.2, +20.9, +41.4 
19 6 |—16 9 | 4.6 (B8p—F2p) |+15 |350 |10,4 6,2 —11.4, +4.2 +1.7, +17.3 
8 Cyg* 19 28 |+34 14 | 4.8 BS +6 | 36 —44.2, —15.0 —25.4, +3.8 
« Adl.. | 19 32 |— 7 15 | 5.0 BOn +14 0 |9,5 4,3 —13.1, +8.2 +0.4, +21.7 
187879* | 19 47 |+40 20 | 5.6 B2 + 6 | 43 13, 6,2 2,4,1 —29.7, —16.6, —7.4|—11.5, +1.6, +10.8 
190603 20 1 |+31 56 | 5.7 cB0eps 0 | 37 {15,20 8,10 —20.0, —2.2 —2.0, +15.8 
Cyg* 20 14 |4+37 43 | 4.9 Bleq | 43 |6,15,2 4,7,2 |—18.5, —10.8, —0.2]/—1.0, 46.7, +17.3 
a Cyg* | 20 38 |+44 55 | 1 3| cA2ea £} S2-14,55 2,10 —24.7, —12.3 —8.2, +4.2 
55 Cyg 20 46 |4+45 45 | 4.9| cBlea 1 | 54 |20, 10 10,4 —15.6, —7.4 +0.6,+8.8 
199478* 20 52 |+47 2) 5.8) cB8ea 0 | 55 |15, 20, 3, 5/8, 10, 2,3} -—19.5, —8.7, —3.6, +7.2, +-40.8, 
+24'9, +43.8 +59.7 
199579 20 53 |+44 33 | 6.0} 06 — 1 | 53 |20 10 —14.2 9.7 
Cyg* 21 14 |+38 59 | 4.3} cAO |— 8 | 52 |25 15 —12.9 423 
A Cyg* 21 15 |+43 31 | 5.1 O8n — 5 | 56 {35 20 —14.0 +1.1 
x Aar 22 20 |+ 0 52 | 4.6, Bine |—46 | 35 |8,2 Oe —14.1, —3.9 —6.6, +3.6 
& Lac Br 22 31 |+39 7 | 5.8 B3ne |—17 | 64 j2,12 —31.2, —13.9 —19.8, —2.5 
10 Lac 22 35 |—38 32 | 4.9) 09 —17 | 65 |3,2,8 rp — 36 oe —25.1, —16.1, —1.3 
—12 
12 Lac* 22 37 |4+39 42 | 5.2 (B2) —17 | 65 {2,12 1,6 —33.4, —11.6 —22.3, —0.5 
16. Lac N*...|, 22 52 415.5 B3 —17 | 68 10 1,4 —38.1, —14.6 —27.7, —4.2 
*NOTES ON K AND H LINES IN TABLE 1 
6 Orionis Broad and probably double or multiple 
«  Orionis Violet component broad 
x? Orionis Violet component broad 
vy Orionis Red component broad 
— Orionis Fringe on violet component 
x  Ophiuchi Violet component broad 
66 Ophiuchi Fringe on red component 
HD 165174 Violet component broad 
8 Cygni Not fully separated 
HD 187879 Not fully separated 
P Cygni Components 1 and 2 not fully separated 
a Cygni Superposed on stellar lines 
HD 199478 Third component double; probably 5 components 
o Cygni Broad, probably double 
A Cygni Broad, probably double 
12 Lacertae Both components broad; probably 4 components 


16 Lacertae N 


Both components broad; probably 4 components 
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4. A rough comparison of the K line in the two groups of stars of apparent magnitude 
brighter than 4.0 and fainter than 4.0, respectively, shows about 50 per cent greater 
intensity for the fainter and more distant stars. A more accurate comparison is not war- 
ranted by the estimated intensities. 

5. Several stars are of exceptional interest: 


n Tauri This is the first observation of interstellar lines in Alcyone 

\! Orionis An excellent case of triple components 

k Orionis The width of the violet component indicates probable duplicity. If so, K and H 
are quadruple 

p Leonis K and H found double by Beals. Violet component itself double 

uv Sagittarii K and H well-separated doublets occasionally standing free of the stellar lines ac- 
cording to the phase of velocity-variation of the star 

P Cygni K and H triple, but violet component not fully resolved 

HD 199478 Almost certainly 5 components, but components 3 and 4 too close to measure. 
Separation of components 1 and 5 is 0.82 A 

10 Lacertae K and H interesting triplets. Components 1 and 2 close but resolved 


The sharpness and narrowness of the individual components which have been meas- 
ured make it clear that the interstellar clouds producing them are discrete and subject to 
little internal motion; and the assumption that when H and K are fairly broad the width 
is due to unresolved components seems to be justified. Hence, a comparison of the radial 
velocities of the components affords some basis for conclusions regarding the general 
distribution of the gaseous clouds. 

In the direction of the brighter stars in Perseus there appears to be a general cloud 
with a residual velocity of about +5km/sec. In addition, a thinner and probably smaller 
cloud is shown by the results for — Persei. Throughout a large regien in Scorpius and 
Ophiuchus a cloud with a residual velocity of about 0 km/sec seems to persist. A few 
stars in this region show the presence of a thin cloud (judged by the intensity of the cor- 
responding component) which covers a wide area and has a velocity of approximately 
—17 km/sec. This seems to be the only cloud in front of # Scorpii. 

Two of three stars observed in Sagittarius give accordant results. The principal cloud 
has a residual velocity of +4 km/sec, a secondary cloud about +22 km/sec, and a third 
cloud +40 km/sec. It is possible that the first two clouds extend to the third star, 
uv Sagittarii, although it lies at a considerable distance in both latitude and longitude. 

The four stars observed in Lacerta give analogous results. A primary cloud with a 
residual velocity of about —2 km/sec covers the area, and a second thinner cloud with 
an average motion of about — 24 km/sec also lies in the direction of the stars. The com- 
plexity of the lines in the spectra of three of the four stars may modify these conclusions 
to some extent. 

The situation regarding interstellar clouds in Orion and Cygnus is much more compli- 
cated. Especially in the direction of Orion, the clouds seem to be more broken and inter- 
mingled and perhaps more turbulent than in most other parts of the sky. The six stars 
in or close to the belt of Orion indicate the presence of two clouds, the more prominent 
with a velocity of about +7 km/sec, and the other roughly — 15km/sec.® In both clouds, 
however, the dispersion in velocity is abnormally large. At least two other clouds, ap- 
parently thin and small in area, are also present. It is of interest to note the abrupt 
change in the clouds in passing from the belt of Orion to the more northerly stars: 
x’, v, and & Orionis. 

Practically all the stars observed in Cygnus show the presence in the line of sight of 
an extensive cloud, probably of great thickness because of the intensity of the lines, with 


5 These were noted by Sanford (n. 2). 
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a velocity of about +1 km/sec. Among these stars is a Cygni. The existence of one or 
two other clouds is indicated by the results. 

This brief outline of the distribution of some of the interstellar calcium clouds is, of 
course, subject to uncertainties imposed by the resolving-power of the spectrograph and 
to the differences in velocity which may occur within an individual cloud. Several broad 
lines which are doubtless unresolved doublets or multiplets are indicated by notes in 
Table 1. 

Remarkably high residual radial velocities are shown by a few of the clouds: +40 
km/sec for a cloud in front of the two neighboring stars u and 15 Sagittarii, and +41 
km/sec and +60 km/sec for two clouds defined by lines in the spectrum of HD 199478 
in Cygnus. In each star the lines involved are of moderate intensity and quite definite. 
Velocities of this order among interstellar clouds would hardly be expected. 


ADDITIONAL INTERSTELLAR LINES 


Many of the stars listed in Table 1 show one or more of the recently discovered inter- 
stellar lines, identified, for the most part, with CN 1,CH 1, orCH u1. Asis to be expected, 
the greatest number of lines has been found in the spectra of stars which have been 
studied most extensively, especially of those photographed on fine-grained and con- 
trasty plates. Examples are ¢ Ophiuchi, ¢ Persei, x? Orionis, and 55 Cygni. Table 2 
lists the most important lines and their intensities in the stars observed. The letter ‘“‘b” 
following the intensity indicates a broad line; “‘tr,” a trace; a dash, that the line is not 
seen with certainty. 

The only star in which \ 3720 (and the fainter line \ 3860) of Fe 1 has been observed 
in fair intensity is 55 Cygni. Traces are found in two other stars. Like \ 4227 of Ca1, 
the Fe 1 lines are most likely to occur in stars with very strong H and K. On the other 
hand, lines due to CH 1, CH 1, and CN 1 are often strongest in stars with H and K of 
moderate intensity. The progression in intensity of the three CH 11 lines Ad 3745, 3957, 
and 4232 is as it should be on theoretical grounds. One additional fact of interest is the 
marked reversal in intensity of \ 4300 of CH 1 and \ 4232 of CH m1 in different stars, 
often near one another. The absence of these lines in practically all the stars in Orion is 
noteworthy. 

Although most of the stats in Table 2 show complex interstellar H and K, in no star 
has it been possible to measure any of the additional lines as double. This is not surpris- 
ing, since, if any conclusion can be drawn from the relative intensities of the components 
of H and K, in most stars the components of the additional lines should be too faint for 
measurement. It is of interest, however, to examine in a few favorable stars, showing at 
least two components of H and K of fairly strong intensity, the wave lengths of the 
additional lines in an attempt to learn in which cloud they originate. 

The stars selected for this purpose are x Aurigae, x Ophiuchi, v Sagittarii, P Cygni, 
55 Cygni, and HD 199478, all of which show the additional lines and moderately intense 
components of H and K. The displacements of the principal components of H and K in 
km/sec, given as residual velocities in Table 1, are compared with the velocities obtained 
directly from the displacements of the additional lines from their normal wave lengths. 
These wave lengths have been determined from measurements of about 10 stars which 
show H and K in moderate strength either with very faint components or with none at 
all. The displacements of H and K with reversed sign have been applied to the measured 
wave lengths of the additional lines; and means of all the resulting values have been 
taken, weighted according to the number of spectrograms of each star. The plates of 
high contrast of ¢ Ophiuchi have been assigned exceptionally high weight. The normal 
wave lengths derived in this way depend, of course, upon the wave lengths of H and K 
in the Revised Rowland Table, which are slightly longer than most laboratory determina- 
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Table 3 contains the results of the comparison. The first two rows of figures below the 
names of the stars give the mean values of the residual radial velocities of the two prin- 
cipal components of H and K together with the intensities estimated for K. These data 
are from Table 1. The remaining rows of Table 3 give the residual radial velocities for 
the more prominent additional lines as derived from the normal wave lengths of the first 


column. 
TABLE 3 


DISPLACEMENTS OF ADDITIONAL LINES (KM/SEC) 


Lines x Aur 


x Oph v Ser P Cyg 55 Cyg HD 199478 


/—9.4(.9)| —15.7(3) | + —1.0( 6) | +0.6(20)| —3.6(15) 
Components of K and H..| 41 4¢19)| 4 0-706) | 417.30 4)| 46.7018) | +7.2(20) 


| —4.4 | — 0.3 + 0.6 +3.5 +0.8 —3.7 
4232.573 CH u...........| —3.0 | + 1.8 | — 0.2 +2.5 —0.8 —2.2 


A comparison of the results in Table 3 shows that in x Aurigae the interstellar cloud 
giving rise to the second and stronger component of K and H also produces CN 1 ) 3874, 
Cat \ 4227, and CH 1 d 4300. The two lines of CH 11, however, \ 3957 and 4232, corre- 
spond closely to the mean of the values for K and H, and it is probable that both clouds 
contribute to the formation of these lines. In both x Ophiuchi and v Sagittarii the 
values from the lines listed correspond to the cloud giving the stronger calcium com- 
ponent, and the same is true for the five lines of 55 Cygni. In P Cygni the components 
of H and K are very close and only occasionally resolved. It appears that both clouds 
are involved in the formation of the three CH 11 lines measured in this star. Finally, the 
results for the lines of HD 199478 indicate that they originate in the cloud which pro- 
duces the first and slightly fainter of the two major components of complex K and H. 
These results seem to be quite in harmony with those of Table 2, which show marked 
differences in the intensities of the various interstellar lines according to the clouds in 


which they occur. 
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ABSTRACT 


Fifteen spirals are now available for which the sense of the spiral pattern and the sense of the spectro- 
graphic rotation are known and in which there is conspicuous dissymmetry of obscuration with respect 
to the major axes of the projected images. On the assumption that dissymmetry of obscuration is a relia- 
ble criterion of tilt, all fifteen spirals are rotating in the same direction with respect to the spiral patterns. 

In four nebulae—NGC 3190, 4216, 4258, and 4527—the nearer side and, consequently, the actual 
direction of rotation are unambiguously determined by dark lanes silhouetted against the nuclear bulges. 
In these nebulae, and by inference in the other eleven as well, the arms are trailing behind the nuclear 
regions. The results justify the provisional working hypothesis that the arms are trailing in all spirals. 
As a corollary it appears that the greater general obscuration in the projected image of a spiral identifies 
the nearer side of the nebula. 


The problem of the origin and development of spiral arms in extragalactic nebulae 
will remain in the realm of speculation until certain fundamental data are established by 
empirical investigations. One, and perhaps the most ‘essential, of these data is the direc- 
tion of rotation of the nebulae with respect to the spiral pattern. There are only three 
possible answers to the question—the arms may be trailing behind the central regions in 
all spirals, the arms may be leading in all of them, or the direction may vary from nebula 
to nebula. Theoretical discussions, as is customary under such conditions, have used 
each of these possible assumptions at one time or another. Actually, the two limiting 
cases—all arms trailing and all arms leading—now serve to distinguish two competing 
groups of theories. 

The empirical solution of this apparently simple problem is curiously difficult. The 
nebulae are observed as projected images; and the question of the tilt, which is an essen- 
tial element in the problem, has been controversial. V. M. Slipher in his great pioneer in- 
vestigations of the spectra of extragalactic nebulae detected rotation in several spirals 
and presented evidence suggesting that these systems were all rotating in the same direc- 
tion. Furthermore, on the plausible assumption that the heavier obscuration should be 
observed on the nearer half of the projected image, he concluded that the arms were trail- 
ing. The direction was opposite to that indicated by current theories of spiral structure 
and by the only other observational evidence then available, namely, the measures of an- 
gular rotations. This particular interpretation of the latter measures has since been aban- 
doned, but meanwhile Lindblad had developed plausible criteria of tilt which directly 
contradicted those adopted by Slipher. The same phenomena of obscuration were pre- 
sented as evidence that the arms are not trailing but leading. Thus the direction of rota- 
tion continued to be an open question with the criteria of tilt as the controversial ele- 
ment. 

The writer has re-examined the problem of tilt in the course of a study of the exten- 
sive collection of direct photographs of nebulae assembled with the large reflectors on 
Mount Wilson. The collection includes all the Shapley-Ames nebulae brighter than the 
thirteenth magnitude and north of declination — 30°, those brighter than 12.5 between 
— 30° and —42°, and a few thousand of the fainter Dreyer nebulae scattered over the 
sky. Therefore it seems unlikely that any significant example among the brighter nebu- 
lae has been overlooked. 

The survey led to a reformulation of the criteria of tilt and to the recognition of four 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 674. 
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spirals in which the direction of rotation could be determined unambiguously. Spectro- 
graphic investigations of these test objects, together with a few other border-line cases, 
led to the following results. 

Spectrographic rotation has now been observed in fifteen spirals in which the arms can 
be traced and in which dissymmetry of obscuration offers a general criterion of tilt. 

The consistent application of this general criterion indicates that all these nebulae are 
rotating in the same direction. The arms are either all trailing or all leading the nuclear 
regions. 

In four of the spirals special criteria may be applied which indicate tilt without am- 
biguity. In these spirals the arms are trailing. 

Therefore, Slipher’s criterion of tilt and direction of rotation is established, and we 
may assume, as a working hypothesis, that the arms are trailing in all spirals. ° 


FORMULATION OF THE PROBLEM 


Spiral nebulae are evidently figures of rotation. This interpretation of the direct 
photographs is fully confirmed by the distribution of radial velocities observed in many 
of the systems. The determination of the direction of rotation with respect to the spiral 
pattern involves three data, namely, the sense of the spectrographic rotation, the sense of 
the spiral pattern, and the sense of the tilt. 

The sense of the spectrographic rotation indicates the end of the major axis of the 
projected image that is approaching with respect to the nucleus and the end that is 
receding. This datum is readily determined from the inclination of spectral lines when 
the slit is placed along the major axis of a nebula whose fundamental plane is tilted to 
the line of sight by an angle of not more than about 60°. 

The sense of the spiral pattern distinguishes “‘right-handed” spirals, namely, those in 
which an object traveling inward along one of the arms would move in a clockwise direc- 
tion, from “‘left-handed”’ spirals. This datum is derived by inspection of photographs of 
spirals in which the tilts are sufficiently large for the arms to be actually traced. 

The sense of the tilt distinguishes the end of the minor axis of a projected image that 
represents the nearer rim of the nebula from the end that represents the farther rim. 
Consider a photograph (north to the top, west to the right) of a right-handed spiral 
elongated in an east-west direction. Suppose the west end is approaching and the east 
end is receding with respect to the nucleus. The direction of rotation in the nebula will 
evidently be such that the arms are trailing if the north edge of the image represents the 
farther side of the nebula and such that the arms are leading if the north edge represents 
the nearer side. Thus the tilt is an essential datum for the problem of rotation. Unlike 
the two other data, it is not directly observed but is inferred from the interpretation of ob- 
servations. 

The only criteria of tilt now available are furnished by obscuration. Some spirals ex- 
hibit heavy peripheral bands of dark material which, when the fundamental planes are 
nearly in the line of sight, are sharply silhouetted against the bright central regions of the 
nebulae. In these spirals the dark bands serve as a primary criterion of tilt and identify 
the nearer side of the nebula without ambiguity. NGC 4594 is an example. 

The validity of this primary criterion has never been seriously questioned, but the ap- 
plication, in general, is restricted to nebulae oriented so nearly edge-on that the spiral 
pattern cannot be traced with confidence. As the tilts increase, the patterns emerge; but 
the peripheral dark bands move off the nuclear regions, and the criterion loses its primary 
validity. Thus the search for test objects for the direction of rotation has been a search 
for critical tilts—large enough to reveal the spiral patterns, yet so small that peripheral 
bands are still silhouetted against the nuclear bulges. No such cases were known until 
the recent survey of the entire Mount Wilson collection of photographs brought to light a 
single nebula that fully meets the specifications (see Pl. XI). This object—NGC 3190 
(Sa)—exhibits the unusual phenomenon of a peripheral band that is itself tilted to the 
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fundamental plane, and the orientation is such that the band crosses the nuclear bulge, 
although the plane is sufficiently tilted to show the spiral pattern clearly. 

Meanwhile, efforts were made to establish valid secondary criteria of tilt by means of 
general dissymmetry of obscuration. The attempts began shortly after evidence of ro- 
tation was first observed, but the results were not established beyond controversy. 

The study of spectrographic rotation in extragalactic nebulae falls into two periods— 
an earlier period from 1913 to 1922 and a later period, from 1934 onward. The first an- 
nouncements were published in 1914 by V. M. Slipher and Max Wolf. The latter re- 
ported inclined lines in the spectrum of M 81, indicating rotation of the order of 100 
km/sec near the nucleus in the sense that the eastern side is approaching.' Wolf made 
no further contribution to the subject. 

Slipher? reported inclined lines in NGC 4594 without other details. He also stated 
that indications of inclined lines were found in other spirals, including M 31, and that a 
definite answer to the “interesting question’ could be expected after further observa- 
tions with improved equipment. His later results are summarized in two contributions, 
the first published in 1917 and the last in 1921.8 

In the 1917 paper Slipher described the phenomenon of edge-on spirals with peripheral 
dark bands silhouetted against the nuclei and then continued: “If now we imagine we 
view such a nebula from a point somewhat outside its plane the dark band would shift to 
the side and render the nebula unsymmetrical—the deficient edge being, of course, the 
one nearer us. This appears to be borne out by the nebulae themselves for the inclined 
ones commonly show this typical dissymmetry. Thus we infer their deficient side to be 
the one toward us.”’ He presented six spirals which, he considered, met these require- 
ments and in which he had observed inclined lines, namely, NGC 224, 3623, and 4594, to- 
gether with three others, NGC 2683, 3627, and 5005, which “showed rotation . . . . less 
well.”” Applying his criterion of tilt, he concluded that all these objects are rotating in 
the same direction with respect to the spiral arms (except NGC 4594, which “‘is not in- 
clined enough to show clearly the arms’’) and that the arms are trailing. “The central 
part .... turns into the spiral arms as a spring turns in winding up.” 

The final discussion in 1921 was published in abstract form, but the report is not very 
clear. The criteria of tilt were described as before, and ‘‘details were given and slides 
shown of the spectra of NGC 221, 224, 1068, 2683, 3623, and 4594, there being evidence 
of rotation in each case.’’ The report then stated that “the six nebulae discussed all 
agree in showing rotation in the same direction relative to the spiral arms. The direction 
is that in which the arbor of a spiral spring turns when the spring is being wound up.” 

Two spirals previously mentioned—NGC 3627 and 5005—were omitted in the final 


1 Viertel jahrsschrift der Astr. Gesellschaft, 49, 162, 1914. Further details furnished by Dr. Wolf are 
given by Lundmark, Arkiv for mat., astr. och. fys., 21, No. 10; Upsala Medd., No. 40, 1928. 


2 Lowell Obs. Bull., No. 62, 1914. 


3 “Nebulae’’ (published in full), Proc. Amer. Phil. Soc., 56, 403, 1917; “Spectrographic Observations of 
the Rotation of Spiral Nebulae” (abstr.), Pub. A.A.S., 4, 232; Pop. Astr., 29, 272, 1921. Other contribu- 
tions in which Slipher mentions the subject are as follows: Lowell Bull., No. 80, 1917, a detailed discussion 
of NGC 1068, the only instance in which Slipher specifically states the sense of spectrographic rotation 
(NE end is approaching); three papers published in abstract, Pub. A.A.S., 3, 98 and 223, and 4, 284, and 
reprinted in Pop Astr., 23, 21, 1915; 25, 36, 1917; 30, 9, 1922. The first of the abstracts confirmed the 
rotation of NGC 4594 and estimated the velocity at about 100 km/sec at 20” from the nucleus; the 
second announced inclined lines in M 31, 65, and 66, and indications of inclined lines in other unspecified 
spirals; the third mentioned inclined lines in NGC 2841 and 3034, “implying rotation about an axis such 
as has been established here for a number of other spirals” (however, NGC 3034 is an irregular nebula, 
not a spiral). 

Following Slipher’s announcements, F. G. Pease published detailed measures of the rotation in the 
central regions of NGC 4594 (Mt. W. Communication, No. 32; Proc. Nat. Acad , 2, 517, 1916, containing 
the first published announcement of the sense of the rotation), and of M 31 (Mt. W. Communication, No. 
51; Proc. Nat. Acad., 4, 21, 1918). The two papers contained the only reliable quantitative data on rota- 
tions published during the early period of the investigations. 
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NGC 3190 (above); NGC 4216 (below) 
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NGC 3623 (above); NGC 7331 (below) 


Two examples of dissymmetry of obscuration which serves as a criterion of tilt 
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discussion. The reasons for the omission were not stated, but one of the objects, NGC 
3627, has little weight, owing to the almost negligible dissymmetry of obscuration. More- 
over, NGC 221 is not a spiral, 1068 shows no appreciable dissymmetry of obscuration 
(see Pl. XIV), and, in 4594, the direction of the arms cannot be traced on either long or 
short exposures obtained with the 100-inch telescope under excellent observing condi- 
tions (see Pl. XIV). , 

The two reports, as published, seem to establish a uniform direction of rotation on the 
basis of the secondary criterion of tilt for the three spirals, NGC 224, 2683, and 3623.4 
NGC 1068 and 4594 are indeterminate, and 3627 and 5005 must be regarded as uncer- 
tain, at least until the reports are clarified. The actual direction of rotation depends 
upon the interpretation of the criterion of tilt, and for this purpose the strongest evidence 
is furnished by NGC 2683. These results, together with Pease’s detailed measures of ro- 
tation in the central regions of NGC 4594 and 224, constituted the first phase of the in- 
vestigations. 

The second phase opened with Lindblad’s’ alternative interpretation of the secondary 
criterion of tilt. He called attention to various full-face spirals (e.g., M 51), in which the 
bright spiral arms are accompanied by dark lanes on the inner or concave sides, and 
pointed out that, if these nebulae were seen nearly edge-on, the dark lanes would pre- 
sumably be more conspicuous on the farther sides of the nuclei than on the nearer sides. 
Moreover, dark material scattered through the central bulge of a tilted nebula would 
evidently obscure the farther side and not the nearer side. On these grounds he conclud- 
ed that the greater general obscuration and the more pronounced “secondary lanes”’ 
(interior dark lanes as distinguished from the primary peripheral bands) represented the 
farther side of a nebula seen nearly edge-on. The two opposite interpretations, by Slipher 
and by Lindblad, were both plausible, and neither could be established or rejected on the 
basis of data then available. Slipher’s nebulae might all be rotating in the same direc- 
tion, but that direction was now a controversial question. 

The survey of the Mount Wilson photographs has contributed nothing to the inter- 
pretation of general obscuration. However, the examination of interior or secondary 
dark lanes has led to a new criterion of tilt. The lanes are sometimes sharply silhouetted 
against the central bulges of the nebulae, and under these circumstances evidently lie on 
the nearer sides of the nuclei. The criterion is, in effect, an extension of the primary cri- 
terion of peripheral bands. Consider an edge-on nebula in which a peripheral band is sil- 
houetted against the central bulge. As the tilt is steadily increased, the band normally 
moves off the bulge before the spiral pattern emerges. Interior lanes, however, if present, 
will lag behind the peripheral band and may still fall within the critical region even when 
the spiral pattern is clearly revealed. 

The latter situation has been found in the three nebulae,* NGC 4216, 4258, and 4527 


4 NGC 2841 might be added to the list because inclined lines were later reported by Slipher (Pub. 
A.A.S., 4, 284; Pop. Astr., 30, 9, 1922), “implying rotation . . . . such as has been established here for a 
number of other spirals.”” The sense of the rotation for NGC 2841 was not specifically mentioned, but 
presumably a discrepancy, if it existed, would have been emphasized. 


5 The criterion seems to have been first discussed by Lindblad in Arkiv for mat., astr. och fys., 24, No. 21; 
Stockholm Medd., No. 14, 1934. The subject was further discussed in subsequent contributions, of which 
the most recent is the paper “On the Interpretation of Spiral Structure in the Nebulae,” Ap. J., 92, 1, 
1940. 

Lindblad’s discussion, together with a growing interest in the dynamics of stellar systems and in partic- 
ular a rapid development of small-scale spectrographic equipment, introduced the second phase of the 
investigation, which is still under way with increasing momentum. The observational results, which have 
all been obtained at the Lick and Mount Wilson observatories, include numerous determinations of the 
sense of the spectrographic rotation together with the detailed pattern of rotation in various nebulae at 


different stages in the sequence of classifications. 


6 The prints on PI. XI are dense in order to show the outer regions which indicate the spiral patterns 
(left-handed in both nebulae). Lighter prints, showing the silhouettes of the dark lanes to better ad- 
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(see Pls. XI and XII). In each one, nearly half of the central lens is blotted out by a 
heavy dark lane with a sharply defined edge, just beyond which the nucleus can be seen, 

These three nebulae, together with NGC 3190 (see Pl. XI), to which the primary 
criterion of tilt is applicable, appear to be the only definitive test objects among the 
brighter nebulae in the northern sky. A spectrogram of NGC 4258, obtained in April, 
1940, indicated that the arms are trailing.’ A spectrogram of NGC 3190 was also ob- 
tained about the same time, but, owing to poor weather, the plate was weak, and the evi- 
dence for rotation was inconclusive. An arrangement was then made with Dr. N. U. 
Mayall of the Lick Observatory, by which this and other nebulae would be observed at 
either or both observatories at the earliest practicable occasion during the next season. 
Spectrograms of NGC 3190 were obtained at both observatories in January, 1941, and 
the arms were again found to be trailing.* Later, NGC 4216, observed at both observa- 
tories, and NGC 4527, observed at Mount Wilson, gave similar results. 

In addition to the four unambiguous cases, the sense of the spectrographic rotation has 
been recently observed for four other spirals in which the arms can be traced and dis- 
symmetry of obscuration is conspicuous, although definitive criteria of tilt are not pres- 
ent. The nebulae are NGC 3169 and 4826, observed at Mount Wilson, and 2613 and 
4088, observed by Dr. Mayall, who communicated the results to the writer with permis- 
sion to include them in the present discussion. In all four the arms are trailing, provided 
that the heavier obscuration and sharper dark lanes represent the nearer sides of the 
nebulae. 

These eight spirals, together with seven others previously observed, are listed in Ta- 
ble 1. The data in the second, third, fourth, and fifth columns are taken from Mount 
Wilson photographs and those in the sixth column from the various spectrographic ob- 
servers indicated in the last column. The only entry in Table 1 that requires comment 
is the sense of rotation for NGC 2841. Slipher® reported inclined lines ‘timplying rota- 
tion about an axis such as has been established for a number of other spirals” but did not 
otherwise indicate the sense of the rotation. 

Inspection of Table 1 indicates that the sense of the spectrographic rotation, com- 
bined with that of the spiral pattern, is correlated with the dissymmetry of obscuration. 
On the assumption that the dissymmetry does indicate the tilt, the fifteen nebulae are 
all rotating in the same direction with respect to the spiral pattern. Thus Slipher’s con- 
clusion based on relatively few objects is fully confirmed. The actual direction (arms 
trailing) is established by the four newly observed, unambiguous cases included in the 
list. 
The sense of the spectrographic rotation is known for eight other spirals, but, in them, 
either the patterns cannot be traced with certainty or the dissymmetry is inconspicuous. 
These nebulae are listed in Table 2 in order to present in this paper all the data now avail- 
able which bear on the problem of rotation.'? Four of the nebulae discussed by Slipher— 


vantage, were published for NGC by Hubble, Realm of the Nebulae, P|. III, 1936; for NGC 4216 by Pease, 
Mt. W. Contr., No. 132, Pl. X1; Ap. J., 46, Pl. VI, 1917, and Curtis, Lick Obs. Pub., 13, Pl. IV, 1918. 
The prints on PI. XII are light in order to show the dark lanes near the nuclei which identify the 
nearer sides of the nebulae. Denser prints, showing the left-hand patterns in both spirals, were published 
by Curtis, Lick Obs. Pub., 13, Pls. IV and V, 1918. 
For technical reasons all images are oriented with the major axis horizontal. 


7 Mt. W. Annual Report, 1940. 


8 The result was reported in a joint paper by Dr. Mayall and the writer, “The Direction of Rotation 
in Spiral Nebulae,” read at the May, 1941, meeting of the National Academy of Sciences 


9 Pub. A.A.S., 4, 284; Pop. Astr., 30, 9, 1922. 


10 The sense of the spectrographic rotation is also known for the following nonspiral extragalactic 
nebulae: NGC 2685, SOp, SW end approaching (Humason, Mt. W. Annual Report, 1939); NGC 2784, 
SO, E end approaching; and NGC 3034, Irr, SW end approaching (Mayall, letter to the writer; Slipher 
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NGC .1068, 3627, 4594, and 5005—are placed in the supplementary table for reasons 
previously mentioned. NGC 4736 shows no dissymmetry with respect to the major 


TABLE 1 
WELL-OBSERVED NEBULAE 


| 
: Spiral Major Side End Ap- 
Object Type Pattern* | Axis Obscured proaching Observert 
Sb Left | NE-SW NW SW Si, P, B 
, re Sb Right | NW-SE SW NW M(u) 
Sb Right | NE-SW NW NE Si 
Sb Left NW-SE NE NW 
Sc 3 Sb Left NW-SE SW SE W; B, H(u) 
Sa Left -SW SE NE H(u) 
ees 000, | Sa Left NW -SE SW SE (H and M) 
ee Sa Left | N -S E N Ss; 
ree ; Sc Left NE -SW SE NE M(u) 
pe Sb Left NE -SW SE NE (H and M)(u) 
ee Sb Left NW-SE SW SE H 
SIE Sb Left NE -SW NW SW H(u) 
CAS Sb Right NW-SE NE SE H(u) 
Sc | Left NW-SE SW SE M 
Sb Right N -S W N B 


*A right- Sessiteil spiral i is one in which a point following an arm eae toward the nucleus would move in a clockwise direc- 
tion. In a left-handed spiral such a point would move in a counterclockwise direction. 

t Hitherto unpublished reports are indicated by (u). Letters following a semicolon refer to later observations which confirm 
the first reports. B = Horace Babcock, Lick Obs. Bull., 19, No. 498, 41, 1939; H = Hubble, Mt. W. Annual Report, 1940; 
(H and M) = Hubble and Mayall, National Academy of Science, May meeting, 1941; M = Mayall, quoted by Lindblad, 
Ap. J., 92,1, 1940; P = Pease, Proc. Nat. Acad., 4, 21, 1918; Si: = V. M. Slipher, Proc. "Amer. Phil. Soc., 56, a 1917; Se= 
V. M. Slipher, Pop. Ast, 30,9, 1922 (the end approaching i is not stated but may be inferred from the context); W = Wolf, Vier- 
telj ahrsschrift der Astr. Gesellschaft, 49, 162, 19 


TABLE 2 
DOUBTFUL CASES 


Spiral Major Side End Ap- 

Object Type | Pattern* | Axis Obscured | proaching Oheorees} 

NGC 598........... Sc | Right | NE-SW | NW) | NE (M and A) 
1068..........| Se | Left | NE-SW |........... | NE a 
3432..........| Se | Right?) | | NW | NE M(u) 
3627..... | N -S E?) | N() 
4504.......... | E -W S | W Si; P 
en Sb | Right | NW-SE |........... | SE M(u) 
5005. Sb | Left | NESW] NW | Sw) | 
5746......... | Sb | Right(?) | N -S E ls (H and M)(u) 


* For definitions of right- and left-handed spirals see note to Table 1. 
t Hitherto unpublished reports are indicated by (u). (H and M) = Hubble and Mayall; (M and A) = Mayall and Aller, 
Ap. J., 95,5, 1942; P = Pease, Proc. Nat. Acad., 2, 517, i916: S: = V. M. Slipher, Proc. Amer. Phil. Soc., 56,403, 1917; Ss= 


V. M. Slipher, Lowell Obs. Bull., No. 80, 1917. 
as previously reported inclined lines in NGC 3034 without mentioning the sense of the inclination); 


NGC 3115, E7, SW end approaching (Humason, Mt. W. Annual Report, 1937); NGC 4111, SO, NW end 
approaching ( (Humason, Mt. W. Annual Report, 1937). Slipher has also reported inclined lines in NGC 


221, E2, without giving the sense of the inclination. 
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axis. The three remaining spirals—NGC 598, 3432, and 5746!!—seem to be consistent 
with those in Table 1, but in each case one of the data, indicated by a question mark, is 
uncertain. 

Since the observational data lead to the working hypothesis that the arms are trailing 
in all spirals, Lindblad’s quite plausible interpretation of the criterion of tilt must be re- 
examined. His arguments depend upon the assumption that the finely divided, obscuring 
material is distributed through the nebulae in much the same manner as the stars are 
distributed. However, if the dark material is highly concentrated in the fundamental 
planes, the effects will be consistent with Slipher’s interpretation. This fact can be read- 
ily seen in the limiting case of an opaque dark sheet spread throughout the fundamental 
plane of a tilted spiral. The luminous nuclear bulge above the plane is then projected 
against the more distant side of the dark sheet, while the nearer side is sharply silhou- 
etted against the lower half of the nuclear bulge. This model would also account for 
the fact that in M 31 the observed novae and Cepheids are more numerous on the 
less obscured half of the projected image. Furthermore, even stronger support for 
this interpretation is furnished in M 31 by the observed asymmetrical distribution of 
globular clusters, for which the Z-components of the spatial distribution are presumably 
greater than those for the supergiant stars. Finally, an approximation toa thin sheet of 
dark material is suggested by Lyman Spitzer’s theoretical investigation of the distri- 
bution of interstellar matter in elliptical nebulae.” 


1! Pease described NGC 5746 as a “‘fine right-handed spiral,” on the basis of a fair plate with the 60- 
inch reflector (Mt. W. Contr., No. 132; Ap. J., 46, 24, 1917). The writer has independently concluded that 
the pattern is right-handed, on the basis of good plates with the 100-inch telescope. Nevertheless, the 
arms are difficult to trace, and the spiral has been listed in Table 2 in order to keep the data in Table 1 
free from controversy. The tilt of the nebula is unambiguously determined by the obscuration, hence 
the acceptance of the “‘right-handed”’ pattern would make the object a fifth definitive case for the direc- 
tion of rotation. 


2 Ap. J., 95, 329, 1942. 
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ABSTRACT 


Nova Ophiuchi of 1604 is one of the earliest well-observed novae. Its position has recently been rede- 
termined by Schlier and Boehme from the original measures of Fabricius and Kepler. The light-curve, 
derived in the present paper, shows that the star was a supernova of type I, which at maximum reached 
the apparent magnitude —2.2. A check of the Chinese version of the apparition against the light-curve 
shows that the Chinese reports about new stars were based on careful observations. 

A search for the remnant of the supernova led to the discovery of a small patch of emission nebulosity, 
which is undoubtedly a part of the masses ejected during the outburst. The investigation of this remnant 
meets with unusual difficulties because the supernova is behind heavy obscuration. The determination of 
the distance and the luminosity of the supernova must therefore be left to future observations. 


The recent investigations of the Crab nebula have supplied data concerning the final 
state of one particular supernova; but additional examples of former galactic supernovae 
are highly desirable, since only a comparison of several will enable us to distinguish be- 
tween those features which are typical and those which are more or less incidental. Thus 
one would like to know whether the surprisingly low velocity of expansion of the Crab 
nebula is a general characteristic of the shells of all supernovae. One would like to know, 
too, whether in every supernova the mass ejected during the outburst is of the order of 
several solar masses and whether the stellar remnant is always a white dwarf. 

To obtain such additional information we have recently investigated the remnant of 
another galactic supernova, Nova Ophiuchi of 1604. That this star was a supernova of 
type I is shown beyond doubt by the light-curve derived in the first part of the present 
paper. The second part deals with the remnant of the supernova found by the writer 
a year ago. The investigation of this remnant meets with unusual difficulties because the 
supernova is in a heavily obscured region. It is to be expected, however, that future ob- 
servations—in particular, measures of the motions of the ejected masses—will provide 
the answer to questions which have to remain open at present. 


I. THE NOVA OF 1604 


The nova appeared at the beginning of October, 1604,!' far down in the southwestern 
sky, close to Jupiter and Mars. Notwithstanding its unfavorable position, it was dis- 
covered promptly, since numerous observers were watching the approaching conjunction 
of the two planets which took place on October 9. The nova reached its maximum 
brightness—somewhat brighter than Jupiter—near the middle of October and was still 
about as bright as Jupiter when it disappeared in the rays of the sun in November. Re- 
appearing in the eastern sky at the beginning of January, 1605, it had become much 
fainter, equaling Antares in brightness. The decrease in brightness continued through- 
out the summer, and, when last seen by Kepler in October, 1605, the nova had reached 
the fifth magnitude. By the spring of the following year it had become invisible to the 
naked eye. 

Since the main interest of the contemporary observers centered on the question of 
whether the nova, like Tycho’s of 1572, was to be classed with the fixed stars, most of 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 675. 


' All dates given in the present paper are Gregorian style. The original observations were partly 
dated in the old Julian style. 
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their efforts were directed toward measuring its position relative to neighboring stars, 
As a result of these measures the position is well determined. Estimates of the brightness 
played a secondary role but are sufficient to establish the main characteristics of the light- 
curve. In this respect it was a fortunate circumstance that Jupiter and Mars, both with- 
in a few degrees of the nova, provided convenient photometric standards when the nova 
reached its maximum low in the western sky. 


THE POSITION OF THE NOVA 


For the determination of the position of the nova two sets of observations are avail- 
able, one by Kepler and his associates at Prague, the other by David Fabricius. Fabricius 
measured the distances between the nova and a number of the brighter stars. The Prague 
series includes distances both from stars and from the near-by planets, Mars, Jupiter, 
and Saturn. From these observations Kepler? derived the position of the nova, 


§=—21°1/5 (1605.0). 


Kepler’s value is of only historical interest. That it is poorly determined is obvious from 
the large discordances, which far exceed the errors of the measures. The reasons for the 


TABLE 1 


COMPUTED POSITIONS OF NOVA OPHIUCHI OF 1604 


a 1605.0 5 1605.0 Authority 
+3°0me. | —21°4'42” | +57”me. | Schoenfeld (1865) 
1773 | +31 —21518 | +42 Schlier (1934) 
1773 | +2.0 § 47 +26 Boehme (1937) 


poor agreement seem to be insufficient allowance for the refraction—most of the measures 
were made in zenith distances greater than 80°—and considerable uncertainties in the 
reference system, enhanced by the inclusion of the planets as reference objects. 

In recent years the observations have been rediscussed. by E. Schoenfeld,* O. Schlier,' 
and S. Boehme.®’ For obvious reasons only distances between stars and nova were 
used. Since practically all the reference stars used by Kepler and Fabricius are included 
in the modern Fundamental Catalogues, the star places for the epoch 1605.0 present no 
further problem. The resulting positions of the nova, together with the computed mean 
error of each co-ordinate, are given in Table 1. Schoenfeld and Schlier used only the 
measures of Fabricius,® which, judged by their internal agreement, are far superior to the 
Prague observations. Boehme’s solution includes both sets “‘after some obvious misprints 
in the Prague observations had been corrected.”’ All three determinations agree within 
the limits of their respective errors. The mean of the more recent determinations of 
Schlier and Boehme is adopted in this paper, mainly because their results are based on 
the accurate proper motions of the modern Fundamental Catalogues. That further im- 
provements of the proper motions will not affect these latest solutions is indicated by 
the insignificant difference between the values of Schoenfeld and those of Schlier, the one 


2 Gesammelte Werke (ed. Caspar), 1, “De nova stella in pede serpentarii,” p. 216. 

3 A.N., 65, 7, 1865. 

4 4.N., 254, 181, 1934, with a chart of the field of the nova. 

5 A.N., 262, 479, 1937. 6 They consist of eleven distances of the nova from five reference stars. 
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obtained in 1865, the other in 1934. The latest values can therefore be considered as 
definitive. Reduced to the equinox 1935.0 they give as the position of the nova: 


a=17"26"44°9, §=—21°25'55” (1935.0), 
with a computed mean error of +1’. The corresponding galactic co-ordinates are: 
1= 33293, b=+5°4. 


Considering the very unfavorable circumstances under which the observations had to be 
made and the crude instruments of that time, the accuracy attained by these early ob- 
servers appears highly satisfactory. 


THE LIGHT-CURVE OF THE NOVA 


From the reports collected by Kepler in ‘‘De stella nova” and the statements of the 
Italian astronomers we know that on account of the approaching conjunction of Mars 
and Jupiter the region of the nova had been kept under close observation since the end of 
September, 1604. The fact that up to October 9 nothing unusual was noticed is of impor- 
tance, because a conspicuous new object within less than 2° of Jupiter could hardly have 
failed to attract the attention of some observer. In particular, we have the emphatic 
statements of Fabricius and several other reliable observers that nothing extraordinary 
was noticed when they observed Mars and Jupiter on the evening of October 8. During 
the following days a period of rainy weather interfered with observation, especially for 
observers north of the Alps, which explains why the independent discoveries of the nova 
extend over nearly a week. 

The nova was first seen on the evening of October 9 by two Italian observers, a physi- 
cian in Cosenza (Calabria), whose name is unknown and who reported his discovery and 
observations to the astronomer Chr. Clavius in Rome, and I. Altobelli in Verona. On 
October 10 it was seen by B. Capra and S. Marius in Padua and by J. Brunowsky in 
Prague, who caught a glimpse of the nova between clouds and notified Kepler of his dis- 
covery. Later discoveries are those of Heck in Rome (October 11), Magini in Bologna, 
Roeslin in Hagenau (October 12), and David Fabricius in Osteel (October 13). Although 
a close watch of the sky was kept at Prague after Brunowsky’s discovery of the nova on 
October 10, it was not until October 17 that the sky cleared and Kepler saw the nova for 
the first time. 

These data leave no doubt that the nova was still inconspicuous—probably fainter 
than magnitude 3—on October 8 but had become a striking object—about as bright as 
Mars—by the following evening.’ 

The estimates of the brightness of the nova, beginning with October 9, are collected in 
Table 2. In order to avoid any bias they are reproduced as closely as possible in the 
original terms of the observers. The list probably contains all important observations 
except those of David Fabricius, whose reports about the nova were not accessible to the 
writer. The few estimates occurring under his name in Table 2 are known from his corre- 
spondence with Kepler. For three of the estimates in the compilation the approximate 
date of the observation had to be inferred from the date of the letter in which they were 
communicated and from some earlier date mentioned therein. They are uncertain by 
+14 days and are therefore marked approximate. 


7 Kepler in “De stella nova” puts the appearance of the nova on October 10 because his former teacher, 
Maestlin, claimed to have observed Jupiter and Mars on October 9 without noticing anything unusual. 
It seems, however, that Maestlin’s date must be in error. For one thing, there is no reason to doubt the 
veracity of Altobelli and the anonymous physician. Indeed, the report of the latter contains the best 
description of the final rise of the nova to its maximum. Moreover, it is hard to believe that the period of 
bad weather which set in between October 8 and 9 and which eliminated all other observers north of the 
Alps on October 9 should not have affected Maestlin. It is therefore probable that his observation refers 
not to October 9 but to October 8. The same conjecture has been made by E. Zinner in his report in 
Geschichte und Literatur der verinderlichen Sterne, 2, 438. 
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TABLE 2 
ESTIMATES OF BRIGHTNESS AND COLOR OF NOVA OPHIUCHI OF 1604 
Date (Gregorian ) Brightness of Nova Color Observer 
Oct. 9....| As bright as Mars Like Mars Anonymous _ physician 
(Cosenza) * 
As bright as Jupiter Like half of 
ripe orange | Altobelli (Verona) +t 
Oct. 10....| Somewhat brighter than on Oct.9 |............. Anonymous physic ian* 
Very similar in brightness to Mars Like Mars | C apra-Marius (Padua)t 
Oct. brighter thanonG@ct.10 Anonymous physician* 
Twice as bright as Jupiter ||............. Heck (Rome)§ 
Oct. “12. .... | Roeslin (Hagenau) |! 
Oct. 15....| Asbright as Jupiter or somewhat more | Like Jupiter | Anonymous physician* 
Much brighter than Jupiter; no fur- | 
ther increase after thisday | Altobellit 
As bright as Jupiter or a little more; 
no further increase afterward Pere tere | Capra-Mariust 
A little brighter than Jupiter | Like Jupiter; | | Fabricius (Osteel) § 
| white, not 
| red | 
As bright as or brighter than Jupiter | Brenzoni (Verona) ** 
Brighter than Jupiter and equal to |............. | Maestlin (Tiibin- 
Venus | gen) tt 
Oct. 17....| Much brighter than Jupiter (almost |............. | Kepler (Prague) tt 
twice as bright) | 
| 
1605 Jan. 3....} Brighter than aSco, much fainter |........ ....| Keplertt 
than a Boo 
Jan. Brighter than a Boo and Saturn | Keplerft 
Jan. 14....} Aboutas bright as Mars(in Oct., 1604) |............ | Fabricius§ 
~Jan. 21....| About as bright as a Sco, a little |......... ..| Maestlintt 
brighter than Saturn | 
End of Jan... .| As bright as a Vir | Heydon (London) §§ 
March 20....} Not much brighter than ¢ and n Oph |............. | Keplert} 
March 27....| Not much brighter than ¢ andy» Oph _........ ....| Brengger (Kauf- 
| beuren)|||| 
~March 28....| Not much brighter than Oph | Cristini 
April 12....| As bright as 7 Oph | Fabricius 
Aug. 12-14.| Asbrightas?Oph Keplertt 
Aug. 29....| About as bright as Oph Keplertt 
Sept. 13....| Fainter than Oph | 
Oct. 8....| Difficult to see; fainter orequal Oph |........ ..»-| Keplertf 


* The excerpt from the letter of the anonymous physician in Cosenza to Clavius, concerning the nova, is published i in A. Fa- 


varo, Carteggio inedito di Ticone Brahe, Giovanni Keplero, etc., pp. 283-84, Bologna, 1886. 

t Galileo, Opere (ed. naz.), 10, 132-33, 136, 1900. 

tJbid., 2, 293 ff., 1891. 

§ Geschichte und Literatur der verdnderlichen Sterne, 2, 439. 

|| Kepler, Gesammelie Werke (ed. Caspar), 1, ‘De stella nova,” 483, 1938. 

€ Kepler, Opera omnia (ed. Frisch), 2, 597-98, 1859. 

** Galileo, op. cit., 10, 138. 

tt Kepler, Opera omnia, 2, 582-83. 

tt Kepler, Gesammelte Werke, 1, 161-64. That the nova at maximum was nearly twice as bright as Jupiter is mentioned on 
p. 384. 
§§ Kepler, Opera omnia, 2, 604. 
{||| Tbid., p. 588. 
© A. Favaro, op. cit., p. 304. 
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Since, during the maximum, Mars and Jupiter and, later on, Saturn served as com- 
parison stars, their magnitudes had to be computed. This was done for the dates in 
Table 3. Positions and distances of the three planets were obtained with the help of the 
very convenient tables of P. V. Neugebauer.* For the computation of the magnitudes 
Miiller’s light-elements® were used, with the exception of the constant terms, for which 
the values recently derived by W. Becker'® were adopted. Allowance for the phase was 
made only in the case of Mars. In computing the brightness of Saturn the contribution 
of the ring system was taken into account. 

Through the use of Becker’s constants in Miiller’s formulae the magnitudes of Ta- 
ble 3 are on the Harvard system. We adopt, therefore, for the remaining comparison 
stars the Harvard magnitudes a Boo (0.24), a Sco (1.22), a Vir (1.21), » Oph (2.63), ¢ Oph 
(2.70), and & Oph (4.46) to bring the whole light-curve into the Harvard system. 


TABLE 3 
POSITIONS AND MAGNITUDES OF MARS, JUPITER, AND SATURN, 1604-5 
| 
Planet Date a 1604.0 6 1604.0 log r log A my 

1604 Oct. 9 | 17613" 75 | —24°39'0 0.1446 0.1870 +0.90 
1604 Oct. 8 | 1712 0 —22 51.6 .7180 —1.87 

Oct. 15 | 17 17 26 —22 58.2 7178 .7546 —1.84 

Nov. 12 | 17 40 40 —23 19.2 0.7171 0.7775 —1.73 

a 1605.0 8 1605.0 

1605 Jan. 13 | 22: —21 57.6 | 1.0044 | 1.0387 | +0.78 


We are now able to convert the estimates of Table 2 into magnitudes. It is hardly 
necessary to remark that in doing so we have to adopt a much larger photometric step 
than the customary 0.1 mag., which applies to the estimates of the modern variable-star 
observers. The proper value is probably best indicated by the smallest photometric unit 
—one-third of a magnitude—used in the star catalogues of that time. Since the nova was 
mostly intercompared with near-by stars, the accuracy of the estimates may be a little 
better in the present case. I have therefore adopted the accompanying conversion table: 


Much brighter........ —0o.75 mag. 
Brighter. ....... —0.50 
Not much brighter........ —0.25 


For the estimates near the maximum when the nova was brighter than magnitude —1, 
conversion factors 1.5 times as large have been used to allow roughly for the fact that the 
width of the photometric step increases rapidly in the range of high intensities. 

The magnitudes derived in this manner are given in the second column of Table 4, fol- 
lowing one another in the same order as the estimates in Table 2. The adopted magni- 
tudes in the last column are the straight means of the second column, except in the fol- 
lowing cases: 

1. I have rejected the estimates of Altobelli (October 9, 1604) and of Heck (October 
11, 1604), which differ from those of the other observers by more than 2 mag. The dif- 


5 Tafeln sur astronomischen Chronologie, 2, Leipzig, 1914. 
°G. Miiller, Pub. Ap. Obs. Potsdam, 8, 1893. 
10 Sitzungsberichte Preuss. Akad. d. Wissenschaften, 1933, p. 839. 
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ference is much too large to be explained by observational errors. Moreover, the alleged 
magnitudes imply a final rise of the nova which appears impossible. Probably both 
writers became victims of a tendency which is all too apparent in certain reports about 
the new star—the tendency to make the nova of 1604 a worthy rival of Tycho’s, at least 
in print. 

2. For similar reasons I have rejected the estimates of Altobelli and Maestlin for Oc- 
tober 15. These excessive estimates of the maximum brightness have already been criti- 
cized by Fabricius, who insisted in a letter to Kepler that at best the nova became only a 
little brighter than Jupiter. Kepler himself, who was inclined to stress the similarity 


TABLE 4 
MAGNITUDES OF NOVA OPHIUCHI OF 1604 


Date (Gregorian) Observed Magnitudes aoe, 
1604 Oct. Fainter than mag. +3 >+3™ 
Oct. +0.9; (—1.9) +0.9 
Oct +0.1; +0.9 +0.5 
—1.5 —1.5 

—2.3; —2.2 (brighter 
than —3.0) —2.2 
—2.25 

—2.6 —2.6 
1605 Jan. +0.7; +1.0 +0.9 
—0.3; +0.3 0.0 
Jan 0.9 +0.9 
+1.2;(+0.5) +1.2 
End of Jan 1 +1.2 
March 20...... +2.4;+4+2.4 +2.4 
March 27...... +2.4;+2.4 +2.4 
~March 28...... +2.4 +2.4 
+2.6 +2.6 
+2.6 +2.6 
Aug. 12-14...) +4.5 +4.5 
+4.5 +4.5 
BEDE, +5.0 +5.0 
Oct. +4.8 +48 


to the nova of 1572, admits in “De stella nova” that the star never approached Venus in 
brightness. 

3. Of Maestlin’s two estimates of January 21, 1605, I have retained only the compari- 
son with a Boo, since Saturn at that time was still close to the horizon. 

The resulting light-curve of the nova is presented in Figure 1. It shows that the nova 
was discovered about a week before the maximum, which was reached October 17, 1604. 
This date of the maximum is firmly established, since all observers agree that the nova 
showed no further increase in brightness after October 15. For the maximum brightness 
of the nova we obtain the value — 2.25 mag., which, in spite of the rejections mentioned 
above, may still be somewhat too high. But it cannot be far from the truth and is prob- 
ably correct within 0.25 mag. The gap in the observations after maximum is due to the 
conjunction of the nova with the sun, and the star was well on its way toward the final 
decline when it reappeared in January, 1605. 
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Considering the rather rough estimates on which it had to be based, the light-curve 
appears most satisfactory. It is a typical light-curve of a supernova of type I. If any 
proof is needed, it is provided by the curve in Figure 1 representing the decline of the 
nova from maximum to the end of the observations. This curve is actually the visual 
light-curve of the recent supernova in IC 4182, properly adjusted. The remarkable agree- 
ment in the light-changes of the two stars is characteristic of supernovae of this type, 
which all follow closely the same pattern. ‘Minor variations in the widths and heights of 
the maxima occur; but, when supernovae of this type have reached the final decline, 
which sets in 80-100 days after the maximum, the further decrease in brightness is the 
same for all, with a linear gradient of +0.0137 + 0.0012 mag. per day." Since the nova 
of 1604 conforms to this pattern, we conclude that it was a supernova of type I. 


1604 OC 


T NOV DEC 1605 JAN FEB MAR APR MAY JUNE JULY AUG. SEPT. OCT. 
30 20 9 29 19 8 28 17 9 18 17 


29 8 28 7 27 16 5 25 15 


0.0 


3 doys 43 83 23 63 203 243 263 323 363 


Fic. 1.—Light-curve of Supernova Ophiuchi of 1604. The smooth curve representing the descending 
branch is the visual light-curve of the recent supernova in IC 4182, properly adjusted. 


THE CHINESE OBSERVATIONS OF THE NOVA 


In view of the important role which the Chinese records of “guest stars” have recently 
played in reconstructing the early history of the supernova of 1054," it is most fortunate 
that for the supernova of 1604 we have a good light-curve with which to check the Chi- 
nese version of the apparition. The nova occurs in the She-ke, being one of the last en- 
tries in a list of ‘‘guest stars” observed in the times of the Ming dynasty. Both Biot'* and 
Williams" have given translations. We reproduce the text according to Williams, since 
Biot’s version is somewhat abridged. For convenience the Gregorian dates have been 
added in brackets. The Chinese report concerning the nova of 1604 is as follows: 

In the 32nd year of the same epoch, the 9th moon, day Yih Chow [October 10, 1604] a star 
was seen in the degrees of the stellar division Wei.'S It resembled a round ball. Its colour was 
reddish yellow. It was seen in the southwest until the 10th moon [October 27—November 26, 


A more detailed discussion of the light-curves of supernovae will be presented in a forthcoming 
paper by the writer. 
12 J. J. L. Duyvendak, Pub. A.S.P., 54,91, 1942, and N. U. Mayall and J. H. Oort, Pub. A.S.P., 54,95. 


'8 Connaissance des Temps, 1846. 
'* Observations of Comets from B.C. 611 to A.D. 1640, p. 93, London, 1871. 


's The stellar division Wei (see chart given by Williams, of. cit., n. 14) extends in R.A. from about 
1640 to 18", in Dec. from —20° south into the constellation Ara. The nova appeared close to the north- 


ern boundary of Wei. 
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1604] when it was no longer visible. In the 12th moon, day Sin Yew [February 3", 1605] it again 
appeared in the southeast, in the stellar division Wei. The next year, in the 2nd moon [March 
24-April 23, 1605], it gradually faded away. In the 8th moon, day Ting Maou [October 7, 1605] 


it disappeared. 


This description is in such excellent agreement with the data gathered by the Euro- 
pean observers that comment is unnecessary. The test shows that we can place full confi- 
dence in the Chinese records and that, whenever specific dates are given, they are obvi- 
ously based on careful observations.'” 


II. THE REMNANT OF SUPERNOVA OPHIUCHI OF 1604 


After Nova Ophiuchi had been established as a supernova, a search was made for the 
remnant in the expectation that the ejected masses would still be visible, as are those of 
the supernova of 1054. Since the supernova is in a heavily obscured part of the Milky 
Way, the search was carried out in red light (AA 6300-6700). The very first plate of the 
field, taken at the 100-inch reflector, June 18, 1941, with an exposure time of two hours 
on an Eastman 103E plate behind a Schott RG2 filter, revealed a small patch of nebulos- 
ity close to the expected place (see Pl. XV). Its center has the co-ordinates 


a = 17526™42*8, 6 = — 21°25’54” (1935.0), 


which differ from those of the nova (p. 121) by only —2*1 and +1”. 

The nebulosity appears as a broken mass of bright knots and filaments covering a fan- 
shaped area, about 40 seconds of arc long. There are indications, however, that this 
fan-shaped mass, which is quite strong on the red plates, represents only the brightest 
part of a more extended nebula since faint wisps of nebulosity are scattered over a much 
larger field, perhaps 80-100 seconds of arc in diameter. This estimate of the extent of the 
nebula needs further confirmation, since on the plates thus far obtained (which are of 
only average quality) it is difficult to distinguish small patches of nebulosity from stars. 

In the photographic region (AX 5000-3600) the nebulosity is extremely faint; hence it 
is easily missed, even in a careful search. Comparisons with extrafocal exposures of 
S.A. 131 show that the photographic surface brightness of the fan-shaped mass amounts 
to only 25.2 mag. per square second of arc, which is 4 mag. fainter than the corresponding 
value for the Crab nebula. The integrated photographic magnitude of the fan-shaped 
mass is 19.0. This faintness of the nebulosity in the photographic region is without doubt 
due to selective absorption,'* and a comparison of the red and the blue images suggests— 
on the assumption that we are dealing with an emission spectrum—that the color excess 
may amount to nearly 1 mag. Aside from this weakening by selective absorption, the 
structure of the nebulosity in the photographic region is quite different from that in the 
red. It is much more nearly uniform, and the strong knots and filaments which are so 
prominent on the red exposures barely rise above the level of the faint nebulous back- 
ground. 

The different characteristics of the nebulosity in the blue and in the Ha region might 
lead to the inference that, as in the Crab nebula,'**° the main part of the emission be- 


16 Both Biot and Williams give the Gregorian date, January 24, 1605, but according to several inde- 
pendent checks by the writer February 3 seems to be the correct date. 


17 Other records of the nova of 1604, mostly from Korean sources, have been collected by Y. Iba, 
Pop. Astr., 46, 142, 1938. One of these reports (from Ressei Jitsuroku) is of special interest because it 
contains intercomparisons of the nova with Jupiter for October 13 and 15, 1604. According to these 


estimates the nova at maximum was fainter than Jupiter. 
"8 See also the following paper by R. Minkowski, Mt. W. Contr., No. 676; Ap. J., 97, 128, 1943. 
19 W. Baade, Mt. W. Contr., No. 665; Ap J., 96, 109, 1942. 
20 R. Minkowski, Mt. W Contr., No. 666; Ap. J., 96, 121, 1942 
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PLATE XV 


EMIssion NEBULOSITY NEAR NOVA OpHIucut OF 1604 


Photographed in red light (\\ 6300-6700) with 100-inch reflector, on June 9, 1942, exposure time 33 
hours. Scale of reproduction 1 mm= 2"51. The computed position of the nova is marked by a cross; 
the circle indicates the mean error of the computed position. 
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tween \ 5000 and \ 3500 is due to a continuous spectrum. However, a plate taken in the 
near infrared between A 8400 and \ 7200 does not support this conclusion. As pointed 
out in an earlier paper,'® this spectral region is free from strong nebular emission lines and 
is therefore well suited to reveal a continuum. The test should be especially convincing 
for Nova Ophiuchi, since, on account of the smaller absorption at longer wave lengths, 
the nebulosity should be an easy object on infrared exposures if a continuum contributes 
materially to the intensity of the image in blue and violet light. The infrared plate, how- 
ever, shows only a vague and possibly spurious trace of the nebulosity. There seems to 
be little doubt, therefore, that the strong continuum characteristic of the Crab nebula is 
absent in the nebulosity of Nova Ophiuchi and that the high intensity of the knots and 
filaments in the Ha region must be due to unusually strong localized emissions of the 
pair of [NV 11] lines \ 6548 and d 6584. 

The stellar remnant—the exciting star of the nebulosity—cannot be identified at pres- 
ent. The only object whose association with the nebulosity might suggest a physical con- 
nection is a faint star of photographic magnitude 18.6, which is imbedded in the bright 
patch forming the tip of the fan-shaped mass. It may well be a chance coincidence, but 
the star deserves further attention because its color index appears to be as small as that 
of any other star in a field of 50” radius. Of the other stars within the field the few with 
magnitudes brighter than 18 can be ruled out because their color indices—allowing for a 
color excess of 1 mag.—are so large that they must be of advanced spectral types. Alto- 
gether it seems quite certain that the stellar remnant of the supernova is fainter than 
magnitude 18. 

The preceding description shows that our present knowledge of the nebulosity is still 
very meager, but the fact that it is a remnant of the former Supernova Ophiuchi seems 
to be established beyond doubt. The strongest argument is, of course, the agreement in 
the positions of nebulosity and supernova, which is perfect, considering the accuracy 
with which the position of the star is known. But there is another observational fact 
which supports this view. According to the measures of Humason and Minkowski, the 
radial velocity of the nebulosity amounts to — 200 km/sec.'® This large velocity is readily 
explained as due to the motion of the ejected matter if the nebulosity is a part of the ex- 
panding shell around the supernova. On the other hand, it presents a very serious diffi- 
culty if one tries to dismiss the agreement in the positions of nebulosity and star as a 
mere chance coincidence. In that case the nebulosity would be a small galactic nebula 
which happens to be close to the position of the former supernova. The radial velocity 
has, then, to be explained in terms of galactic rotation alone, since according to all evi- 
dence the peculiar motions of interstellar dust and gas are negligible. This would place 
the galactic nebula at a distance of more than 4000 parsecs, which seems quite impossible 
in view of the very heavy obscuration extending over the field. We have, therefore, every 
reason to believe that the patch of nebulosity near the place of the nova is a part of the 
shell which was ejected during the outburst. 

About the structure and the extent of this shell we know at present practically aii 
ing. As mentioned previously, there is good evidence that the recently discovered fan- 
shaped nebula is only the brightest part of a more extended nebulosity. Perhaps it will 
be possible to define the extent of the shell with some accuracy in the near future by 
means of long exposures of excellent definition. Another possible line of attack is the de- 
termination of the radial velocities of some of the brighter wisps of nebulosity outside the 
fan-shaped area, which undoubtedly would help in locating the center of the expansion 
and the stellar remnant. Finally, some twenty to thirty years hence, we should be able 
to measure the tangential motions in the fan-shaped mass which, properly combined 
with the radial velocities, will lead to a reliable determination of the distance of the super- 
nova. Until these data, together with measures of the intervening space absorption, are 
forthcoming, any conclusions regarding the luminosity and the distance of the supernova 
will be mere guesses. 
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THE SPECTRUM OF THE NEBULOSITY NEAR KEPLER’S NOVA OF 1604* 


R. MINKOWSKI 


Mount Wilson Observatory 
Received January 11, 1943 


ABSTRACT 


The spectrum of the nebulosity near Kepler’s nova of 1604 consists of the emission lines [O 111] \ 5007; 
{[O 1] \ 6300; [NV m1] \ 6584, \ 6548; Ha; and [S11] \ 6731. The spectrum is very similar to that of the 
filaments of the Crab nebula, particularly in the low intensity of Ha relative to the [NV 1] lines. The in- 
tensity of [O m1] \ 5007, however, is much less than in the Crab nebula; this suggests heavy space red- 
dening corresponding to a color excess of 2.1 mag. The radial velocity, —200 km/sec at the tip and —260 
km/sec at the base of the fan-shaped nebulosity, is too high to admit any other interpretation than 
that the fan-shaped nebulosity is part of an expanding nebula. The results support the opinion that the 
nebulosity is actually a remnant of Kepler’s nova and that this object was a supernova. 


An attempt to observe the blue portion of the spectrum of the nebulosity near Kepler’s 
nova of 1604 found by W. Baade' has been made by M. L. Humason. The spectrogram, 
obtained with the two-prism spectrograph and a 3-inch camera at the Cassegrain focus 
of the 100-inch telescope, shows only one very faint line which may be interpreted as 
[O 111] \ 5007 with a radial velocity of — 200 km/sec. 

Since the nebulosity is much brighter in the red than in the blue, observations in the 
red seemed more promising. To obtain sufficient speed together with reasonable linear 
dispersion (400 A/mm), a plane grating of 400 lines per millimeter was used with a solid 
Schmidt camera, f/0.65, in an improvised spectrograph at the Cassegrain focus of the 
60-inch telescope. The grating, ruled by H. D. Babcock on an evaporated aluminum 
surface on pyrex, has high energy concentration in the first-order violet; but the efficiency 
in the first-order red is (necessarily) less, being in fact only about one-third of the attain- 
able maximum. 

Two spectrograms of the red region have been taken. The first was obtained with an 
exposure time of 15°30™ from May 16 to 19, 1942, with the slit in position angle 90° 
through the (north following) tip of the fan-shaped part of the nebulosity. It shows the 
[N 11] lines \ 6548, \ 6584 and Ha with an intensity somewhat higher than that of 
d 6548, the fainter of the [NV 1] lines. The second spectrogram (Pl. XVI) was obtained 
with an exposure time of 16"45™ from June 8 to 11, 1942, with the slit in position angle 
38°5 through tip and base of the nebulosity. This spectrogram shows, in addition to the 
[N 11] lines and Ha, the lines [S 11] \ 6731, [O 1| \ 6300 (superposed on the same line in 
the sky spectrum), and [O 111] \ 5007; Ha seems to be somewhat stronger relative to the 
[NV 11] lines at the base than at the tip. 

As a whole the spectrum resembles remarkably closely the spectrum of the Crab 
nebula? (Pl. XVI), particularly in the relative intensities of Ha and the |V 1] lines. The 
[.S 11] line appears to be fainter than in the Crab nebula, where, however, the intensity 
of this line relative to the [NV u] lines varies considerably. The question arises whether 
the observed intensity ratio of Ha and the [N 11] lines is due to high intensity of the 
[NV 11] lines or to low intensity of Ha. It is well known that in certain objects the [NV 1] 
lines appear with unusually high intensity relative to the spectrum as a whole. This 
occurs not only in some planetary nebulae® but also in the nebula now surrounding Nova 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 676. 
1 Mt. W. Contr., No. 675; Ap. J., 97, 119, 1943. 
* R. Minkowski, Mt..W. Contr., No. 666; Ap. J., 96, 199, 1942. 


3 A. B. Wyse, Ap. J., 95, 356, 1942. 
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SPECTROGRAMS OF THE CRAB NEBULA (above) AND OF THE NEBULOSITY NEAR 
KEPLER’S NOVA OF 1604 (below 


The curvature of the lines in the spectrum of the Crab nebula is due to the use of acurved slit in an 
improvised grating spectrograph, 
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Herculis (1934).4 In the nebulosity near Kepler’s nova, however, the intensity of the 
[N 11] lines does not appear unusually high compared to the [.S 11] and [0 1] lines. This 
suggests that, as in the Crab nebula, the hydrogen line is relatively faint, an effect possi- 
bly of low hydrogen abundance. 

The line |O 111] \ 5007 is very definitely fainter relative to the lines in the red than in 
the Crab nebula. This is undoubtedly mainly an effect of heavy space reddening. The 
observed ratio of the intensity of the [N 1] lines to that of the [O m1] line is about 4.5 
times that in the Crab nebula, estimated on the basis of an intensity ratio 3:1 for the 
(O 11] lines \ 5007 and \ 4959. Since the mean zenith distance for the exposures on the 
nebulosity near Kepler’s nova was 57°, while that for the exposures on the Crab was 27°, 
a correction for atmospheric absorption has to be applied which reduces the factor to 
4.3. The excess of the color equivalent for the range of 1550 A with the mean wave 
length 5750 is then 1.6 mag., if differences of the relative line intensities in the two 
nebulae are negligible. If it is assumed that the selective interstellar absorption varies 
as \!, the excess for the range 6A varies as \~*6A. The color excess (for the range of the 
international color index) then becomes 2.1 mag. 

For measurement of the radial velocity at the tip the lines [NV m] \ 6584, Ha, and 
(S 11] \ 6731 (on the second spectrogram only) could be used. Only the one line, [NV 1] 
\ 6584, could be used to determine the difference between base and tip—a difference 
which is probably real, although not much larger than the error of measurement. The 
radial velocity is —190 + 30 km/sec at the tip, — 260 km/sec at the base. 

The spectroscopic results alone are, of course, not sufficient to establish beyond ques- 
tion the nature of the nebulosity. The most natural interpretation is that the fan-shaped 
nebulosity is part of an expanding nebula surrounding a nova or supernova. The ob- 
served difference between base and tip indicates that the center of expansion is closer to 
the base. The actual velocity of expansion may be considerably greater than 200 km/sec 
and, if the center of expansion is at some distance from the fan, may thus be of the order 
to be expected for a nova or supernova. 

The similarity of the spectrum to that of the Crab nebula suggests that the nebulosity 
is the remnant of a supernova rather than that of an ordinary nova. The results thus 
give supplementary evidence that the nebulosity is really a remnant of Kepler’s nova of 
1604 and that this star was a supernova of type I. 


4 Swings and Struve, Ap. J., 92, 295, 1940. 
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THE SPECTRUM OF NOVA CYGNI 1942* 


Roscoe F. SANFORD 


Mount Wilson Observatory 
Received December 24, 1942 


ABSTRACT 
Changes in the light and spectrum of Nova Cygni 1942 from September 15 to December 17, 1942, are 


briefly outlined. 
Emission lines.—While the nova was bright, emission lines of hydrogen were outstanding; those of 


Ca and Nat were prominent; and many others were present, including lines of Fe 1, 7i 1,01, On, 
and Ni. After the nova began its rapid decline in magnitude, its continuous spectrum weakened, ab- 
sorption detail was meager, and emission lines of hydrogen remained prominent. Those of |Fe 1] ap- 
peared and, with those of Fe 11, gained in strength relative to the hydrogen emission, | Fe 11] faster than 
Feu. On November 27 the nova, increasing in brightness, had lost its Fe 1 and |Fe 1] lines, retained 
the hydrogen, and showed many of the well-known nebular emissions, some of them in great strength. 

Absorption lines.—Several sets of absorption lines accompanied the emission lines on their violet sides. 
These were especially marked for hydrogen. Data for them are in Table 2 and Figure 1. A sharp set of 
lines giving a constant radial velocity of —509 km/sec is the most persistent. The other strong absorp- 
tion set had very wide lines and a displacement of —1185 km/sec when first observed. This increased to 
— 1400 km/sec in five days and remained constant thereafter. Two weaker sets of lines had displace- 
ments of —900 to —700 km/sec and about —270 km/sec, respectively. 

Interstellar lines —The mean radial velocity from the interstellar lines is —11.8 + 0.9 km/sec. The 
equivalent width of interstellar K is 0.59 A. These two data give an absolute magnitude at maximum of 


about —4, appreciably less than that of the average nova. 
Comparison with Nova Herculis 1934.—The general behavior of Nova Cygni 1942 is quite similar to 
that of Nova Herculis in respect to variations both in light and in spectrum. 


Spectrograms of Nova Cygni 1942 showing the photographic region were obtained at 
Mount Wilson each night from September 15 to September 25, U.T., inclusive, and on 
September 29, October 2, November 27, and December 17, 1942. Spectrograms of the 
visual region were obtained on September 15, 21, 22, and December 17. A preliminary 
measure of a spectrogram of September 15 has been briefly reported.' 

From September 15 to September 23 inclusive the visual magnitude of the nova was 
about 9, with relatively minor fluctuations. During this interval the nova had a con- 
tinuous spectrum upon which were superposed broad emission lines with several absorp- 
tion components displaced to the violet; the pattern underwent comparatively minor 
modifications. 

On September 24 the nova had become definitely fainter and thereafter dropped stead- 
ily in brightness to an estimated fifteenth magnitude on October 2. Concurrent with the 
decline in magnitude the continuous spectrum subsided, leaving emission lines of H and 
Fe 11, in addition to which lines of [Fe 11] appeared. 

Between October 2 and November 27 the nova was very faint, and no spectroscopic 
observations were obtained. On November 27, after it had brightened, a low-dispersion 
spectrogram showed that the spectrum had again changed; emission lines of iron had 
about vanished and several of the conspicuous nebular lines had appeared. A spectro- 
gram on December 17 is very similar to that on November 27. 

Several stages in the variation of the spectrum of Nova Cygni 1942 are illustrated by 
Plate XVII 

Emission lines.—During the bright stage of the nova the emission lines of hydrogen 
extended at least 30 angstroms on either side of their normal positions with hazy in- 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 677. 


* Pub. A.S.P., 54, 206, 1942. 
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definite limits and were accompanied by absorption components with large negative dis- 
placements. Emissions belonging to Fe 11, 7i 1, 01, O11, and N 11 also are present but 
are too poorly defined for measurement of either position or extension. After the magni- 
tude began to decline, the hydrogen lines showed little or no emission to the violet of the 
position occupied by the absorption component of least negative displacement but ex- 
tended in great strength about 22 angstroms redward from the normal positions. Emis- 
sions belonging to Feit and [Fe | were comparatively narrow; their centers were 
measured on the plates of September 29 and October 2. The dispersion of the first plate 
is 79 A per mm at Hy (sufficient to give measurements of fair accuracy); that of the 
second, 223 A/mm. Maxima in the hydrogen lines resembling the narrower Fe 11 and 
[Fe 11] lines were likewise measured on the spectrogram of September 29. The results are 
in Table 1. 
TABLE 1 


EMISSION-LINE VELOCITIES 


H Feu | (Fe 11] 
DATE | 
| Km/Sec No. Lines | Km/Sec No. Lines | Km/Sec | No. Lines 
| | | 
1942, Sept. 29......... | —310 | 9 —357 5 


Attention is called to the large negative displacements and to the difference, on the 
first plate, of values from permitted and from forbidden lines. This is of interest, because, 
at a similar stage of Nova Herculis, Adams and Joy? obtained large negative velocities 
from measures of emission lines which showed a similar difference for permitted and 
forbidden lines. For Nova Herculis the large negative displacements seem satisfactorily 
explained by the great asymmetry of the emission lines from the expanding shell.* The 
difference between the velocities from permitted and forbidden lines has been explained 
by P. W. Merrill‘ as the effect of the presence of absorption on the violet side of per- 
mitted lines and its absence in the forbidden lines. On the spectrograms of November 27 
and December 17 the hydrogen emission lines were still prominent but appeared to 
terminate on their red sides at somewhat shorter wave lengths than on October 2. Lines 
of Fe 11 and [Fe 11] had disappeared and the chief nebular lines were prominent. They are 


\ 3867 [Ne 11], 4069 [S m1], 44267 Cu, 4363 [O m1], \ 4634, \ 4641 (blend) N nt, 


\ 4686 He 11, 4 4959, and A 5007 [O m1]. The line \ 3867 was a little stronger than H¢; 
\ 4363 was stronger than Hy; the blend of \ 4634, \ 4641 greatly exceeded \ 4686 and 
was comparable with HB and \ 4959; d 5007 considerably exceeded HB; d 4069, dX 4267, 
and A 4686 just showed with certainty. The spectrogram of December 17, covering the 
visual as well as the photographic region, showed the lines \ 5754 [N 1], \ 6300 [0 1], 
and Ha probably blended with \ 6548 and A 6583 [NV u]. 

The visual region of the spectrum was observed a few times before the magnitude 
declined. The continuous spectrum was relatively weak; Ha was the dominant emission; 
and interstellar D lines were present. These spectra helped to confirm the presence of 
emission from certain elements suspected in the photographic region. 

Absorption lines —Until the nova began its rapid decline in magnitude it showed not 
only a continuous spectrum with emission lines but also several sets of absorption lines. 


2Mt. W. Contr., No. 545; Ap. J., 84, 14, 1936. 
3 Mt. W. Contr., No. 530, Pl. X, 1; Ap. J., 82, Pl. XVITI, /, 1935. 
4 Mt. W. Contr., No. 530, p. 18; Ap. J., 82, 430, 1935. 
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These lines were especially prominent in connection with the hydrogen emissions but 
were also partially represented for other elements, notably Ca 1 and Nat. 

The detailed measures, depending largely upon the absorption lines of hydrogen (but 
to some extent upon H and K and D1 and D2), are recorded in Table 2. Four columns 
contain the radial velocities of four absorption components I-IV. The radial velocities 
from the interstellar lines also are tabulated. The data on stellar absorption lines in 
Table 2 are plotted in Figure 1. 


TABLE 2 


VELOCITIES (KM/SEC) FROM ABSORPTION LINES 


| DISPER- Iv* 
MIEXPosuRE | SIONAT | INTER- = 
(U.T.1942) | Hy | | | | | OBSERVERt 
| (A/Mm) | | | Center | Width 
| —1185) 280 | —18.6) M.L.H. 
—508 |...... ..| —1216| 359 —14.9 
17.10. | S| | | —1212| 538 —14.0 
18.16. 65 | —286 | —520 | —900 | —1304|] 362 —12.4 
19.26....| 79 | —272 | —512 | -853 | -1418| 395 —10.9 RES. 
—507 | —825 | —1416| 488 —20.6 
20.27 | —763 | -1395 | 370 — 6.0 
—321 | | —741 | 1424] 399 — §.8/ GS. 
— 1379 |. —17.8 
—513 | —721 —1398 | 432 9.2/1 GS. 
—503 | —717 | -—1409| 386 — 6.3| RFS 
AH J 


* Subcomponents of IV have the following displacements: 
Sept. 15.29 —1256, —1114. 

19.26 —1545, —1290. 

21.31 —1490, —1308. 

22.25 —1504, —1372, —1228. 
t M. L. Humason, R. F. Sanford, Gustaf Stromberg, A. H. Joy. 
t Dispersion at Ha. 
eeuanting spectrograms: on Sept. 22.25 the photographic region was photographed in the second order and the red in 

the first order. 

|| Both photographic and visual regions on this low-dispersion prismatic spectrum. 


Component I was very weak and difficult to measure. Hence the tendency for its ve- 
locity to increase with time, as shown by the figure, is not to be given any weight. Com- 
ponent II, most persistent of all and best suited for measurement, had a constant radial 
velocity of —509 km/sec. Component III, which was first measured on September 18, 
changed from a velocity of about —900 km/sec to one of about —700 km/sec in an 
interval of 4 days. 

Component IV is represented in Figure 1 by a band bounded by dashed lines that 
correspond to the measured radial velocities of the edges. Within this band, dots repre- 
sent the measured center of IV and crosses denote subcomponents into which some of the 
lines seemed to be resolved (see n.* to Table 2). The subcomponents were best shown by 
the higher members of the hydrogen lines; three were measured on September 22 from 
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the spectrogram of highest dispersion. The radial velocity for the center of IV appeared 
to change from about — 1200 km/sec on September 15 to — 1400 km/sec on September 
19, after which it leveled off until this component disappeared. The K line deserves 
special mention for noteworthy changes in component IV. Its behavior is briefly sum- 
marized in Table 3. 

The spectrogram of September 17 on which K has the strongest and widest component 
IV shows numerous absorption lines which on other spectrograms are absent or very 


KM/ZEC (1) 
-400 
x 
* * x x- * (1) 
-600 
-800 
-1000 
-1200 
~1400 
-1600 
| | | | 
-1800 
15 16 17 18 19 20 22 23 26 


SEPT. 1942 


Fic. 1.—Displacements of components I-IV (Table 2). The edges of component IV are indicated by 
dashed lines; measures of its center, by dots; and measures of subcomponents, by crosses. 


TABLE 3 
K LINE—ABSORPTION COMPONENT IV 
Sept. 15 Exceedingly weak Sept. 20 As wide but not as strong as on 
16 Just apparent Sept. 17 
17 Maximum strength and width 21 Continuing to weaken 
18 Strong but narrower than on 22 Vanishing 
Sept. 17 23 Absent 


19 Further weakened 


much weaker. When their positions are corrected for the radial velocity of component 
IV, ten of them can be identified with Fe 1 lines, and one conspicuous line with \ 4481 
Mg u, a feature absent on all other spectrograms (see P]. XVII, a and 6). Component IV 
appeared to attain its greatest intensity on September 17. 

The true radial velocity of the nova has not been satisfactorily determined. Several 
attempts, on rather dubious assumptions, gave values between +50 and +100 km/sec 
but are not considered to have any weight. 

Interstellar lines—The weighted mean radial velocity from the interstellar lines of 
Nova Cygni 1942 is —11.8 + 0.9km/sec. The equivalent width of interstellar K meas- 
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ured on the high-dispersion plate of September 22 is 0.59 A. Under certain assumptions, 
both the interstellar velocity and the equivalent width of K can be used to obtain values 
of the distance. The interstellar velocity when freed from solar motion must be assumed 
to represent differential galactic rotation. The distance so obtained is 2280 + 500 par- 
secs. According to data from class B stars,® an equivalent width of K of 0.59 A corre- 
sponds to a distance of 1500 parsecs. The brightest apparent magnitude so far published 
for this nova is 7.8. Absolute magnitudes for this apparent magnitude and the two 
distances derived above are —5.1 +0.5 and —3 if 0.5 mag. per kiloparsec absorption in 
space is assumed. Either value is very appreciably fainter than the generally adopted 
mean value of M = —7 for galactic novae. 

Comparison with Nova Herculis 1934.—The variations in light and in spectrum of 
Nova Cygni 1942 ran parallel to those of Nova Herculis 1934. The most outstanding 
changes in spectrum occurred when each faded many magnitudes and then recovered a 
considerable part of its loss. On fading, each suffered a loss in its continuous spectrum, 
showed H, Fe 11, and [Fe 11] lines in emission, and on recovery had lost the iron lines and 
showed instead the nebular radiations. 


I am indebted to several of my colleagues who gave generously of their observing time 
to obtain spectrograms of the nova. 


5 Mt. W. Contr., No. 573; Ap. J., 86, 141, 1937. 
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ABSTRACT 


From a study of emission-line intensities in a number of bright Wolf-Rayet stars excitation tempera- 
tures of their atmospheric envelopes are estimated. These temperatures turn out to be very high and de- 
pend upon the ionization potential of the ion employed—in the sense that the higher the ionization po- 
tential, the higher the resultant temperature. The emission lines in the Wolf-Rayet stars probably do not 
arise from the primary mechanism, i.e., photoionization and subsequent recapture of electrons, but rather 
from the absorption of high-frequency radiation emerging from the lower layers. On the basis of certain 
plausible assumptions an attempt is made to find the chemical composition of the atmospheric layers. In 
the carbon stars helium is estimated to be about fifty times as abundant as oxygen and fifteen times as 
abundant as carbon, while in the nitrogen stars helium appears to be about twenty times as abundant as 
nitrogen and three hundred times as abundant as carbon. The estimate of the abundance of helium with 
respect to other gases is very uncertain. The nuclei of BD+30°3639 and NGC 40 seem to be typical 
carbon stars. The nucleus of NGC 6543, which contains both nitrogen and carbon, seems to show a rela- 
tively small range of ionization. 

The chemical composition of the Wolf-Rayet stars seems to be more closely related to that of the super- 
novae than to the envelopes of ordinary novae, which appear to have roughly the same composition, on 
the average, as the planetary nebulae and normal stars. 

The electron densities in the radiating layers of a Wolf-Rayet star appear to be of the order of 10!"—-10" 
electrons/cm’, much greater than the electron densities in the envelope of a nova. The background spec- 
trum of the star is sufficiently intense to blot out any forbidden lines that may.appear. 


The relatively rare Wolf-Rayet stars have perhaps the most spectacular and least un- 
derstood of stellar spectra. Broad emission lines of atomic origin, sometimes 50 or 100A 
wide and often ten times as intense as the continuous spectrum upon which they are 
superposed, characterize their spectra. In recent years identifications of the lines and 
the interpretation of Wolf-Rayet spectra have been discussed by Beals,’ Menzel,? Miss 
Payne,‘ Edlén,® and Swings and Struve.® Beals’ has summarized the spectral features 
and characteristics of the Wolf-Rayet stars. We have a reasonably good idea of the di- 
mensions and mass of one Wolf-Rayet star, BD+38°4010, from the spectroscopic veloc- 
ity-curve by Olin Wilson’ and the light-curve by S. Gaposchkin.?® 

Although considerable attention has been paid to the wave lengths and identifications 


' Society of Fellows, Harvard University. 

2 Pop. Astr., 37, 577, 1929; M.N., 90, 202, 1929; Pub. Dom. Ap. Obs., 4, 272, 1930. 
3 Pub. A.S.P., 41, 344, 1929. 

*Zs:f. Ap., 7, 1, 1933. 


5 B. Edlén, Zs. f. Ap., 7, 378, 1933; Nov. Ac. Reg. Soc. Sci., Upsala, Ser. IV, 9, No. 6, 1933. This mono- 
graph gives the detailed results for the spectral lines and terms of the atoms of the first row of the periodic 
table in their various stages of ionization. 


6 See P. Swings, A p. J., 95, 112, 1942. See also Swings and Struve, Ap. J., 91, 546, 1940; 92, 289, 1940; 
92, 295, 1940; 93, 349, 1941; 93, 356, 1941; Proc. Nat. Acad. Sci., 26, 454, 1940; 26, 548, 1940; 27, 225, 
1941; Pub. A.S.P., 52, 394, 1940; 53, 35, 1941. 


7J.R. Astr. Soc. Canada, 34, 169, 1940. 
8 4p. J., 91, 379, 1940; Mt. W. Contr., No. 623. 9A p. J., 93, 202, 1941. 
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of the emission lines, relatively little work has been done on their intensities. Miss 
Payne’? and Beals!" have measured the profiles of a number of emission lines. Such meas- 
ures are of fundamental importance to any real understanding of the Woif-Rayet spec- 
tra, but they may profitably be made only on relatively unblended lines, and they give 
the intensity in the emission line only with respect to the intensity of the continuous 
background. 

Measures of an absorption-line profile in an ordinary star with respect to the continu- 
ous background are adequate for most theoretical discussions, but the profile or equiva- 
lent width of an emission line should be supplemented by measures of the distribution 
of the continuous energy. Even an approximate knowledge of the latter enables us to 
convert intensity measures of bright lines into reasonably good estimates of relative 
radiated energies. 

THE OBSERVATIONAL DATA 


I undertook a spectrophotometric study of a few of the brightest Wolf-Rayet stars 
partly to supply data on relative radiated energies. Slitless spectrograms covering the 


TABLE 1 


WOLF-RAYET STARS OBSERVED 


Position 


BD HD hei. Harvard | Victoria 
| | Type Type 

190918 20 22 +35°31’ | 7.01 | Op WNS 
35 4001............ 191765 20 65 3553 | 7.80 | Ob WN6 
as 192103 20 81 35 54 | 7.94 Oa WC7 
192163 20 84 38 03 7.44 | Ob WN6 
BO 192641 | 20 10.8 36 21 7.94 | Oa | WC7 
193077. 13.3 37 07 7.97 | Oc | WN6 
193576 20 15.8 38 25 8 04 Ob WNS5 
193793 | 2017.1 +43 32 6 83 | Oa WC6 


wave-length range from \ 3200 to \ 6400 were taken with the Crossley reflector of the 
Lick Observatory. The photometric procedure resembled that of a previous investiga- 
tion of the planetary nebulae’ except that the spectra were widened by trailing. The 
Mills spot sensitometer, used in connection with appropriate filters for the red, green, 
blue, and ultraviolet wave-length regions, provided calibration standards. Each plate 
exposed in the telescope received two sets of standards: red and green standards on the 
visual plates, blue and ultraviolet standards on the plates taken especially for the photo- 
graphic region. In addition, a complete set of photometric standards was impressed upon 
an otherwise unexposed plate taken from the same box. The entire set of plates was de- 
veloped together in D11 under constant agitation. 

Table 1 lists the Wolf-Rayet stars observed, their positions, magnitudes, Harvard 
classification, and spectral types according to Beals. Five of the stars belong to the ni- 
trogen sequence, and three to the carbon sequence. Table 2 lists the forty-three spectro- 
grams finally reduced; successive columns give the object, the plate numbers, the date of 
observation, and the spectral region covered. Generally, exposure times ranging from 


10 Stars of High Luminosity, p. 83, 1930. 
1 M.N., 91, 966, 1931; Pub. Dom. A p. Ods., 6, 95, 1934. 
12 Ap. J., 93, 236, 1941. 
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Object 


BD+35°3953...... 


BD+35°4001....... 


BD+35°4013....... 


BD+37°3821....... 


BD+36°3956.... 
BD+36°3987....... 
BD+38°4010....... 


BD+43°3571...... 


WOLF-RAYET STARS 


TABLE 2 
LIST OF OBSERVATIONS 


Date 


Spectral Region 


Aug. 24, 1939 


Sept. 5, 1939 


Aug. 25, 1939 


Sept. 5, 1939 


Aug. ES, 1939 


Sept. 5, 1939 


Oct. 18, 1939 


Oct. 21, 1939 


Oct. 18, 1939 


Oct. 19, 1939 


Oct. 19, 1939 


Oct. 19, 1939 


Oct. 21, 1939 


(ultraviolet 

| visual 

blue 

) ultraviolet 
ultraviolet 

| visual 


blue 


ultraviolet, blue 
| ultraviolet 

| visual 
(ultraviolet 
Jblue 

visual 


{blue, ultraviolet 
| visual 

(blue 

«blue 

| visual 

( visual 

) ultraviolet 
visual 
blue 

{blue 

| visual 

ultraviolet 
ultraviolet 
blue 


(visual 
visual 


(visual, blue 
«visual, blue 
(ultraviolet 


(ultraviolet 
< visual, blue 
\visual, blue 


(ultraviolet 
visual 
(blue 
(visual 

J ultraviolet 
) ultraviolet 
(blue 
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—4100 
— 4056 
—4025 


—3965 
— 3930 
— 3489 


—3750 


— 3483 


— 3360 


Fic. 1.—Tracing of spectrum of BD+37°3821 
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two to fifteen minutes sufficed to cover the spectrum 
from the strongest emission lines to the weak lines in the 
ultraviolet. A number of plates of each star had to be 
taken, in order to record both the continuum and the 
strong lines. Although many of the plates were taken 
on moonlit nights, the exposures were so short that sky 
fog introduced no error. Because of vignetting, especi- 
ally troublesome in a slitless spectrograph of the pris- 
matic type, slight errors in centering the object or 
the comparison star may give systematic errors de- 
pending upon wave length. 

The plates were traced with the microdensitometer 
at the Harvard Observatory by Dr. F. L. Whipple, 
who planned at the first to collaborate with me on this 
problem. A tracing of a typical star, BD+37°3821, re- 
produced in Figure 1, will illustrate some of the difficul- 
ties encountered in drawing in the continuous back- 
ground, estimating the relative contributions of overlap- 
ping bands, and so on. Errors in drawing the continuous 
spectrum—and one usually tends to draw the continu- 
ous spectrum too high in an emission-line star—will 
affect a weak line more than a strong one, in the sense 
that the weaker line is measured systematically too 
faintly or too strongly. In addition to such a scale 
error, the intensities are likely to suffer from a wave- 
length error. In the visual region, rapidly fluctuating 
plate sensitivity, high contrast, low dispersion, and fre- 
quently strong emission lines conspire to make the loca- 
tion of the continuous spectrum difficult and to decrease 
the precision of the measured intensities. On the other 
hand, atmospheric transmission difficulties limit the 
accuracy obtainable in the ultraviolet. 

With the exception of BD +35°3953, the stars I have 
observed are not suitable for a discussion of their back- 
ground continua.'® The continuous spectra should be 
investigated with care in stars suitable for this purpose. 

The tabulated ‘intensities (see Tables 4 and 5) are 
given separately for the nitrogen and carbon stars. 
The unit of intensity is so chosen that an emission line 
at 4000 of unit equivalent width will have an inten- 


13 The only data on this problem seem to be those of Gerasi- 
movité (Harv. Circ., No. 339, 1929), who measured the spectro- 
photometric temperatures of several early-type stars. Color- 
temperature determinations suffer from galactic absorption as well 
as from the usual difficulties of photometry in the ultra-violet, but 
a study of the energy distribution in the Wolf-Rayet stars should 
be made the subject of a careful investigation. The present data 
suggest that the color temperatures of a number of the stars in- 
crease toward the ultraviolet; i.e., their energy curves rise above 
that of a black-body curve fitted to the visual region of the spec- 
trum. Further information on this question is very desirable. 


—4861 
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—4633 
4 —4540 
—4471 
—4340 
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sity of 1.0. I estimate the accidental errors in the tabulated intensities to be generally of 
the order of 10 per cent for the stronger lines." 


IDENTIFICATIONS 


For the identifications of lines in Wolf-Rayet spectra I have relied chiefly upon the 
data of Edlén. I have also used Whipple and Mrs. Payne-Gaposchkin’s study” of the 
synthetic spectra of supernovae. This paper includes a complete list of multiplets in the 
astronomically accessible spectra regions with their semitheoretical intensities computed 
for specified temperatures from modern atomic theory by means of the summation rules 
and Einstein probability coefficients, supplemented by laboratory intensities. They have 
proved to be invaluable for the present study. Most of the Wolf-Rayet identifications by 
Miss Payne are verified. As would be expected, however, the intensity estimates of 
Whipple and Mrs. Payne-Gaposchkin enable us better to estimate the relative contribu- 
tions of various members of a blend. 

In Table 3 are collected the most important lines of multiplets of the ions of He 1, 
He u, O ut, O tv, O v, O vi, Cu, C 1m, C 1v, and N 1m, N tv, N v, and N vi observed in 


TABLE 3 


THE PRINCIPAL LINES AND MULTIPLETS OF THE IONS OBSERVED IN THE 
SPECTRA OF THE WOLF-RAYET STARS 


lon Ionization Principal Lines as | Ionization Principal Lines 
| Potentia! | or Multiplets | Potential | or Multiplets 

Het.....\| 24.46 | 58706, 4471, 4026, 3889 ON BW... | 77.04 | 3480, 4058 
Heu....| 54.14 | 4686, 3203, 5412, 4859, 4542 || Nv......| 97.43 4609 
24.26 4267, 5140 | 54.62 | 3962, 3760, 3708, 3265 
Cue... 47.64 4650, 5696, 4069 70.08 3730, 3411 
Civ....., 64.17 | 5805, 3934 5590, 5114 
Nut....} 47.20 | 4638, 4525, 4100, 3300 OvE.....| | 3812, 3835 


Wolf-Rayet spectra. Successive columns give the ion, the ionization potential, and the 
most outstanding lines. Although the radiations of C m and O 1 are divided among a 
number of strong lines, practically the whole observable energy of N v or O vI is con- 
centrated in one line. The ionization potentials range from 24 volts to 137 volts. 

The successive columns of Tables 4 and 5 give the wave lengths estimated from the 
slitless plates of BD+37°3821 and BD+35°4013 for the nitrogen and carbon stars, re- 
spectively, the atom responsible; the laboratory wave length; the inner quantum num- 
ber, J, for the two levels of the transition; the multiplet; the strength of the line in terms 
of the strength of the multiplet as unity (in some cases), as computed on the basis of LS 
coupling; the theoretical intensity of the multiplet according to Whipple and Mrs. 
Payne-Gaposchkin; and finally the observed intensities and line widths for the various 
stars. In the column headed “‘Identifications,”’ I have listed for each Wolf-Rayet line the 
various contributors according to the atom and multiplet rather than wave length. The 
line widths, AX, were measured directly with the measuring engine; they are intended 
only as guides in the identifications. Although these A\’s may have some significance in 


'4 Tt is extremely difficult to estimate the actual error in these intensities. The accidental error of a 
reasonably strong line measured on three or four plates is about 10 per cent, but this does not include 
systematic errors which may arise from estimating the continuous spectrum, for example. Weak lines, 
or lines in the far ultraviolet, may easily be in error by a full 100 per cent. 


15 Proc. Amer. Phil. Soc., 84, 1, 1941. 
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TABLE 4 


EMISSION LINES OBSERVED IN STARS OF THE NITROGEN SEQUENCE 


| 
| Ion (LaB.) | J’ 
3203 Het 3203 
3360 Niu 3353 
3354 
3358 
3361 
3365 
3367 
3374 
3483 Niv 3478 
3482 
3484 
3705 Het 3705 
3705 
3733 Het 3732 
3732 
3750.. Niv 3747 
Nu 3745 
3754 
3771 
3889 Het 3888 
Hew 3887 
3930 Nut 3934 
3938 
3942 
Hew 3923 
3965 Het 3964 
Heu 3968 
4025 Het 4026 
4026 
Heu 4025 
4057... Niv 4057 
4100 | Hen | 4100 
Nu 4097. 
4103. 
4200... Niu 4195 
4200 
4215 
| Hew 4199 
4340.... | Nui 4323 
4328 
} 4335.5 
4339.5 
4348. 
| Hew 4338. 
4380 | Nin 4379 
| Het 4387 .9: 
4471... Het 4471. 
| 4471. 
4512 Nut 4510 
| 4514 
4518 
| 4523 
4540 ree 4530 
4534 
4547 
| 
| 4535 
4546 
Hew 4541 
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| 
| BD | BD 
| | +37°3821 +35°4001 | +36°3987 | +38°4010 
MULTIPLET | s/Zs : 
| | 
14 | 58 ) 
-043].....}] 14.4 | 
—3p3P | 100t}| | | 
.33|.....}| 62 | 19 |92 20 
; | 
23Po—735 | | 
72 
3s’! P—3p’!D Wag: | 
c PO ~4 | 
| 
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7.2) 20 | 5.36) 30] 4.1)... 
—132G | | | 
3p'P°—3d'D | 46 | 24 129.8 | 30| 11 
| } 
38?S — 3p2Po 67 | 94 73 | 32 35 | 11.7 
| | 
3s’ 2P —3p’ 2D 21 | 
21.8) 24 21.8 | 29| 5.8 
3p’ 07 | 10 | 
08 | | 
25.7] 24 [14.1] 35 | 4.2 
35 
21p9—51D 3 fj 34 | 6.7 | 41 
| | 
| 2 90, 25 | 9.6 | 67 
| 
3s’ —3p’ 4D 08 | 52°) 
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08 
017 
09 
0.01 
3a" ape’ 43-4) 25 [28-5 | 42) 7 
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TABLE 4—Continued 


| | | | BD | BD BD BD 
| +3793821 | +35°4001 | +36°3987 | +35°4010 
r Ion | (LaB.) | J’ MULTIPLET | s/Zs 
4609.....| Nv | 4603.2 | 1/2 | 3/2] 1240 | 20 | 36)| 
| 4619.4 | 1/2| 1/2| 3sS—3pPo | 
4633.....| Nur | 4634.16 | 1/2 | 3/2 | 0.33 | 100 | 67 | 32/| 38.5) 50 | 11.8) 30 /13.5 
4686.....| Hew | | 2D —42F0 100 {270 | 40 |237 | 58 | 54.3] 28 los 
| 
4861.....| Hew | 4859.36 ).....|.....| 2 | 
| Nut | 4858.74 | 1/2 | 3/2 | =| .10] 43 || 
| 16 |.....}| 40.8 28 | 28.0) 36| 7.4) 20] 4 
| 
4932 Hei? | 4921.93} 1 | 2 21P9—41D 
5412.....| Hem | $411.57 ]|.....]... —72G 4 | 38.3 37 | 36.8] 49} 9.8) 18] 9 
| | 
5808 Cw 5801.51 | 1/2 | 3/2 —3p2Po 67 | 
| | | | | 
5876 Her | 5875.62 | 2,1 |3,2,1 23Ppo— 33) aes 100 \| | 
| | 


the ultraviolet for the stars with the broader bands, it is clear that in the visual region 
they are widened by seeing, and hence they are partly distorted. My AX’s are consistent- 
ly smaller than those tabulated by Beals. Probably we set on the band edges in different 
ways. 

Slitless spectra of the dispersion used, about 100A/mm at 6, permit the reliable de- 
termination neither of profiles nor of line widths. For such an investigation slit spectro- 
grams are required. Therefore, I shall not discuss the question of line profiles in this pa- 
per. 

Most of the broad lines in the spectra of the Wolf-Rayet stars have been identified. 
The line at \ 5805 in the nitrogen stars has been attributed by Swings to C 1v" from a care- 
ful study of the spectral terms of nitrogen and carbon. From a consideration of theoreti- 
cal line intensities the author independently reached the same conclusion.'’ I have not 
noticed any other lines of carbon or oxygen in the spectra of the nitrogen stars I have 
studied, although » 5695 of C 111 ought to be observable. The C m1 \ 4658 and d 4650 
lines of C 1v and C m1 probably would be mostly masked by the \ 4640 line of NV 1m, al- 
though Swings suggests that the \ 4638 line in HD 192163 seems to extend too far to 
the red to be attributed to V m1 only. On the other hand, A 3483 of N Iv, conspicuous 
even when other nitrogen lines are not observed, is not found in the carbon stars. We 
may conclude that, while the nitrogen stars on the list contain carbon, the carbon stars 
contain no nitrogen. 


THEORETICAL LINE INTENSITIES AND EXCITATION TEMPERATURES OF 
THE WOLF-RAYET STARS 

It is probably inaccurate to speak of the temperature of a Wolf-Rayet star. Few spec- 
tra suggest greater deviations from conditions of thermal equilibrium. The simultaneous 
appearance of lines of greatly differing excitation such as those of He1 and N v in the 
spectrum of the same star apparently requires that the observed radiations originate in a 
number of different layers. The atmospheres of these stars seem to exhibit considerable 
Stratification. 


1S Op. cid. Pub. A. A. 157, 1992. 
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| Atom (tas) | J” J 
3203... Hem | 3203.16 
| 
3262...| Om | 3260.98) 2 3 
| | 3265.46} 3 4 
| | 3267.31 1 2 
| 3275.67) 2 1 
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3757.21, 9 1 
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= 
| | BD | BD_ | 
| +35°4013 +36°3956 | +43°3571 
| | 
402s...| Hem | 4025.64 |....... | | | | 
Her | 4026.19] 2,1 | 3,2,1| |...... 
| 
4069...| Cur | 4056.06| 2 3  |...... 
4007.87 | 2 | 3 4f8F—5g3G |...... 62 
4070.43| 4 | § (| 27-4) 22) 9.0) 26) 14 
Out | 4073.90 1 2 3s’8P—3p’3D |...... 6 | 
| 4081.10 | 2 3 } 
| 
4123...| Hex | 4120.81] 2,1 1 ) 
Cur | 4122.05 1 2 |... 1 | 
| Ov | 4123.01 0 1 3s’ 3P—3p’3D | 0.11 gg 11.4] 16] 5.2! 31) 
| 4123.90] 2 3 | |i 
| 4121.70 1 0 3p’3S—3d'3P | 
| 4135.86 1 1 7) | 
4157...| Ov | 4159.94 1 2 3p’ 3S —3d’ 3P | 55) | i| 
Cu | 415650] 2 3 | | | || 
| 4152.43 1 2 || | 
|Ov | 4150.83]. 1 1 38 3P —3p’ ID | 08 | | 
| 
4187...) Ov | 4178.72 2 2 .25 | oan 
Cin | 4187.05 3 4 —5g1G 19 || | 
| | | | 
| | | | 
4269...) Cu | 4267.02 | 3/2 5/2 32D —482F | 100 
| 4267.27 | 5/2 | $/2,7/2|...... 26 |..... 
| 
4330 Cm | 4325.70] 1 1 6 \| | ix 
Hew | 4338.71 | 42F —10°G 1 20-8} 38 
Cm 4368.14 4f’ 3G —5g’ 3H |.. 54 
4361.85 | 4f'1G—Sg’ H | 
4375... | 4379.97 | 1 0,1 | | 11] 12 6.6 
4383.24| 2 1,2 | .25 | 35 | 
4388.24 | 3 2 47 {| 
Het | 4387.93 | 1 2 2P—5!ID 3 
| | 
4441 Civ | 4441.81 [1/2, 3/2 3/2,5/2/ | 18 | 17.0] 21 | 6.8) 20)| 
| 
| | \ 
Her | 4471.48 | 2.1 3,211 | 
4471.69 | 0 1 | | 
| | | 
4515 Cm 4516.02) 1 4p3P —5s5S 3 
| 
4542...) Hew | 4541.63 | #F-9G |... 2 | 10.0 4.1 
| | | 
4608 Cur | 4593.47 |..... | |......| 
4650...| Cut | 4647.40 | 1 3s8S—3p3P 100 
4650. 16 1 1 
| 4651.35 1 | 
4663.53 1 0 | 3s'8P—3p’3P 11 9 | | 
4665.90 | 2 2 | | 
Civ | 4646.5 |3/2,5/2) $/2,7/2| | | 37 [176 
4656.5 |5/2,7/2/7/2, 9/2 |...... 8 | 
| 4658.64 |5/2,9/29/2,11/2,  5¢2G—6h?H 5 | 
| 4959.38 |7/2,9/2.5/2, 7/2 |... 
| 4664.5 |5/2,7/2.3/2, 5/2 |......| 1 | 
4686...| Hem | 4685.81 3D—4#F |......] 100 | 73.6] 34 | 35.5] 32 | 43 
| | | | | 
4786...| Civ | 4785.6 |3/2,5/21/2, 3/2) 3 | 
| Ow | 4783.43 | 3/2 1/2 | 3p’*P—3d'4D |...... GM 
| | | | 
| | | } | | 
4938... Her | 492193) 1 | 2 | 
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TABLE 5—Continued 


BD BD BD 
+35°4013 | +36°3956 | +43°3571 
Atom | A (LaB.) MULTIPLET s/=s | Ie Notes 
I 7 laa 
5019...| Hex | 5015.68| 0 1 |......) 3) 
Cw | 5015.9 1/2 1/2 5p2P —6s?S 
Cu? | 5132.96} 1/2 3/2 —3p'P 11.8] 25 | 10.0]....] 10 5 
5133.29 | 3/2 15 3S | 
5257 Cm | 5249.6 2 1 4d!D —5p!P Aa 2 | 
5244.5 0 1 3s’ 83P—3p’3S |......| 2 || 
Out | 5268.06 1 2 3p'1S—3d'P |... 2t)| 
| | 
| Mem: | —72G 4 10.1] 20] 5.4] 16 | 18.5]... 
Ov | $418.3 1 | 2 | .14)| 
| | 6 | | 
5470...|Ov | 5474.6 | 2 | 2 42 26| 8.5] 24].....]....| 
5592 | 5572.1 | 0 1 —3a3D 11 100 | 
5580.0 | 1 2 .25 
| 5583.1 | 1 1 08 
| 5507.9 2 3 0.47 4) 4-8) 36 | 11.5) 29 | 17 
| $603.9 2 2 eh 
Om | 5592.37 1 2 —3p!D 
5695 Cm 5696.0 1 2 3p'P —3d'!D . 25t | 96 | 40 | 65 40 | 62 
5805...| Crv | 5801.51 | 1/2 3/2 3s?S —3p2P 100¢ 
5876...| Her | 5875.62 | 2,1 | 3,2,1 23P —33D 100 
5875.96 | 0 30.6) 36 | 14 | 30) 33 
6147 Cur | 6154.4 | 
6156.7 | 


NOTES FOR TABLE 5 
1. The C 1 doublet, 3p?P°—4s?S, \ 3921, for which Whipple and Mrs. Gaposchkin find an intensity of 74, may contribute to 


this blend. 
2. The Cu 3d’ *D—4f’ 4F multiplet at \ 4075 for which Whipple and Mrs. Gaposchkin give an intensity of 24 probably 


does not contribute to this line. 
The C 1 3s*P —3p*P° multiplet for which Whipple and Mrs. Gaposchkin predict an intensity of 68 may contribute to the 


4330 and 4375 lines: 


s/Zs 
4317.16 0.14 4349 44 0 35 
4319 65 15 4366.91 0.15 
4345 57 0.14 


4. Swings concludes from the relative laboratory intensities in the 5-4 transitions that \ 4658.64 must be the strongest 
of the 6-5 transitions and that A 4656.5 and \ 4646.5 are weaker. According to the J-file sum rules, the relative strengths of 


AA 4658.6, 4656.5, and 4646.5 should be 990, 504, and 210 
_ 5. The identification of this line is unsatisfactory. The stronger lines of the C 11 quartet at \ 5145.16 and A 5151.08, or rela- 
tive strengths 0.35 and 0.15, have not been measured. 


Color temperatures require careful spectrophotometric measures of the continuous 
background over a considerable wave-length range; we cannot discuss them here for lack 
of suitable data. Gerasimovié’s measures,'* made some fifteen years ago, are not precise 
enough for our purposes. The calculation of effective temperatures requires a knowledge 
of both the sizes and total brightnesses of the stars in question, but these quantities are 


18 Harv. Circ., No. 339, 1929. 
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known for only one Wolf-Rayet star, a component of the eclipsing binary BD+38°4010, 
for which S. Gaposchkin finds an effective absolute temperature of 13,000°. Ionization 
temperatures depend upon assumptions concerning the electron density, a quantity we 
cannot estimate well enough for these stars. In this paper we shall use estimates of the 
populations of certain upper levels to define an excitation temperature according to the 
Boltzmann formula. The measured line intensities tell us the relative populations of the 
excited levels which we try to represent by using this formula as sort of an interpolation 
device. The nearer the levels are to the ionization limit, the more accurately should such 
an excitation temperature represent the electron temperature of the region where these 
lines are produced. 

Let the measured intensities of two lines (or multiplets) of a given ion be J; and J, 
their wave lengths be A; and 2s, and their upper levels be a and 6 and their lower levels 
cand d, respectively (Fig. 2). Let xa and x» be the excitation potentials of a and 6, and 


Fic. 2.—Schematic energy diagram 


A, and A» be the Einstein probability coefficients for the lines of wave lengths \; and do. 
In thermodynamic equilibrium, /; and /, are given by 


= Go € a 
0 
| (1) 
No kTS | 
xb/kT Ya, A J 
0 


where Vo is the number in the ground level of statistical weight and where the summa- 
tion is carried out over the lines of a multiplet. The intensity ratio /;/J» is related to the 
temperature 7 by 

= @~(xa—xb)/KT (2) 
I, LDDs « | 2V2 


Let /{ and /$ be the predicted intensities at a temperature 7°) of the two emission mul- 
tiplets whose upper terms are a and 6. We may use the intensity estimates by Whipple 
and Mrs. Payne-Gaposchkin. Then 
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where C; and C, are constants related to No, Aj, Ag, \1, and A» and the unit of intensity 
chosen (the 7° of the strongest line usually is called 100 on the Whipple-Gaposchkin 
scale). For a temperature 7, the predicted multiplet ratio will be 


C1 To | (4) 


I, Cy 


2 
If 7, and /2 are the observed intensities, then 
I, C, 


= — @~(xa—xp) 
In Cy 
and 
I? ( 
log log pts 40 (xa — x0) (5) 


The first term on the right is computed from the tables of Whipple and Mrs. Payne- 
Gaposchkin; xa and x, are taken from Edlén’s term tables; and log (/;//2) is an observed 
quantity. Since 7» is given, the estimate of 7 follows at once. 

Since the intensity estimates of Whipple and Mrs. Payne-Gaposchkin are of a semi- 
empirical character, I considered it worth while to compute the intensities of the lines 
used in the temperature determinations by purely theoretical methods. In thermody- 
namic equilibrium the intensity of a line is given by 


( (6) 

=, | 

since 
4A 2a? 


Shot °° Ss" 


where J’ and J refer to the inner quantum numbers of the lower and upper levels of the 
transition, a = 0.528 & 10~* cm is the radius of the first Bohr orbit, / is the larger of ini- 
tial or final values of this quantum number, S is the strength of the multiplet, s is the 
strength of a single line of the multiplet (hence s/s is the fraction contributed by the 
given line to the total strength of the multiplet), No is the total number of atoms of the 
given kind, and 6(7) is the partition function. Finally, ¢, c, #, m, and v have their usual 
meanings. The radial quantum integral, 


p= f , (8) 


where 


JO = 


differs for each configuration; and, since we shall be interested in comparing lines of dif- 
ferent configurations, we shall have to estimate the radial wave functions. 

An accurate evaluation of the radial functions for complex atoms is difficult and la- 
borious. With lighter atoms the variation treatment has been used effectively.'* The 
method of the self-consistent field has been used to calculate wave functions for the 


19 See, e.g., Zener, Phys. Rev., 36, 51, 1930. 
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ground levels of a number of atoms and ions; it could be employed also to calculate the 
radial wave functions for excited levels. Unfortunately, these methods involve consid- 
erable numerical calculation for each transition array. Hence a simpler approach was 
employed for the problem at hand. 

Slater®® proposed a hydrogen-like radial wave function which contains certain param- 
eters whose values may be adjusted according to specified rules. Menzel and the au- 
thor?! have computed the radial quantum integral for a number of transitions in O 111 
with the aid of these wave functions. This same procedure has been employed in the 
present paper to compute theoretical p’s for the transitions of importance in temperature 
estimates. 

The strengths, S, depend upon the angular factors in the wave functions. Goldberg” 
has tabulated S for a number of multiplets of interest. In other cases the application of 
Shortley’s ‘‘J-file sum rule” has yielded values of S.** Exclusive of the radial quantum 
integral, the total strength of the lines of the transition array originating in (or ending 
on) any term is given by 


(2S +1) (224+ 1)1(2i—1), if 
1) (2L+1) (21+3), if 


As an example, let us consider the 3360 multiplet of V m1: 
2s2p3s’ — 2s2p3p’ *P . 


or 


Now the 3p‘*P term can combine only with the ‘P term in the 2s2p3s configuration. 
Therefore, the sum of the strengths of all transitions of the 2p3s — 2p3p configuration 
originating in the 3p*P term is simply the strength of the 3360 multiplet. For the upper 
level, S = 3/2, L = 1, and / = 1; hence, S = 12. 

Table 6 summarizes the results of the theoretical calculations for the lines in which we 
are interested. Successive columns give the mean wave length of the multiplet,’® the 
designation of the multiplet, the strength calculated from Goldberg’s tables, or, by the 
J-file sum rule, p, and finally ©(2S + 1)A(J, J’) for the multiplet in question. Inserting 


numerical values, we get 


1 Ss 1 
Am 2.09% (9) 
and, accordingly, 
25 
(27 +1) A (J, J’) 01x 10 1)?" (10) 
while 
(42-1) 


20 Phys. Rev., 36, 57, 1930. 

21.4 p. J., 94, 436, 1941. These radial quantum integrals are but rough approxirrations of the true 
values. The Slater functions neglect the nodes and loops in the wave functions and are only approximate- 
ly accurate for large distances from the nucleus. 

2 4p. J., 82, 1, 1935; 84, 11, 1936. 


23 See Condon and Shortley, Theory of Atomic Spectra, p. 247. 
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Table 8 lists the excitation temperatures of the various Wolf-Rayet stars, as deter- 
mined from the different line ratios. Successive columns list the ion, the lines used, and 
their adopted intensities, frequently corrected for blending, the temperatures deter- 
mined from the semi-empirical multiplet intensities, and the temperatures determined 
from the purely theoretical intensities. In some cases the agreement between the tem- 
perature found by the two methods is excellent; in other cases it is poor. Table 7 gives 


TABLE 6 
THEORETICAL MULTIPLET STRENGTHS AND INTENSITY DATA 


| 
Atom | | Multiplet | | p 2(2I+1)AV, J’) 


| 3609 2s4p3P — 2s5d8D 90 | 5.45 | 7.65 10° 
4069 2s4f*F —2s5g°G | 756 | 5.45 1.06X 101 
4187 Qs4ftF —2s5g'G | 252 | 5.45 | 3.28%109 
4368 2p4f’ —2p5g’ | 924 | 5.45 1.07 101 
4383 2s4d*D — 2s5p*P | 90 | 5.45 108 
4650 2s3s°S —2s3p%P 9 3.34 6.68 108 
5696 2s3p'P — 2s3d'D 30 3.40 2.52108 
3930 5s°S — 6p*P | 6 4.50 1.45 109 
4441 5p*P—6d2D 60 4.67 1.99 109 
5805 —3p*D | 6 2.62 141X109 
3360 2s2p3s’ ‘P—2s2p3p’ 4P | 12 3.18 2.13 10° 
3750 2s2p3s’ 4P—2s2p3p’ 4S | 4 3.18 1.54 10° 
4100 2s73s?S — 2s?3p?P 6 3.18 5.87X 108 
4200 2s2p3s’ 2P—2s2p3p’ 2D 10 3.18 9.10 108 
4525 2s2p3s’ 4P —2s2p3p’ *D 20 3.18 10° 
4536 |  2s2p3p’4S—2s2p3d’ ‘P 40 | 3.30 6.27108 
4638 2s?3p*P —2s?3d2D 60 =| 3.30 8.78108 
3483 2s3s°S —2s3p3P 4 2.33 9 19 108 
3748 2p3s’!P—2p3p’!D 5 |} 2.53 4.09 108 
4057 2s3p'P — 2s3d!D 30 | 2.57 | 3.99108 
eee 3265 2s?2p3p*D — 2s?2p3d°F 126 | 320 | 5.0 x10 
3708 2s?2p3p*P — 2s?2p3d°D 135/2 3.20 | 1.84109 
3760 2s?2p3s*P —2s?2p3p*D 15 3.04 1.75X10° 
| 
3386 2s2p3s’ 4P—2s2p3p’ 20 | 2.45 2.08 109 
3411 2s?3p?P — | 60 | 2.52 1.28 10° 
3562 2s2p3p’ 2D —2s2p3d’ 2F 84 | 2.52 1.58 10° 
3730 2s2p3p’ 4D —2s2p3d’ *F 168 | 2.52 | 2.75109 
4124 2p3s’ —2p3p’ *D 15 | 2.04 | 6.00108 
4147 2p3p’ —2p3d’ 30 | 2.07 | 2.42x108 
5590 2p3p*P — 2p3d*D 135/2 | 2.07. | 2.21X108 


the excitation potentials of the lines used in the temperature determinations. Table 9 
lists the excitation temperature adopted for each ion in each star. As one would expect, 
there is a very marked tendency for the excitation temperature to depend upon the de- 
gree of ionization. Generally, the greater the ionization potential the higher the excita- 
tion temperature, but frequently there are large discordances between the temperatures 
calculated from different lines of the same ion. These discrepancies may arise from a 
number of causes. First, there are the inevitable errors of observation, especially serious 
for the weaker lines and for the comparison of lines falling in widely separated portions of 
the spectrum. Second, the theoretical intensities suffer largely from our ignorance of the 
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true radial-quantum wave functions and from possible deviations from LS coupling. 
Russell-Saunders coupling is a good approximation only when electrostatic interaction is 
much more important in separating the levels than is spin-orbit interaction. Deviations 
from LS coupling become important for the higher terms of an atom.”4 

There are a number of serious theoretical objections to this method of temperature de- 
termination. We have assumed that the Wolf-Rayet atmosphere is transparent to its 
own radiations, i.e., that there is no self-reversal. If there is self-reversal, the intensity of 
a line is no longer simply proportional to the number of atoms acting to produce it, and a 
“curve of growth effect” obtains. The stronger lines tend to become weakened with re- 
spect to the fainter ones, and this is precisely the effect observed in a number of stars. 


TABLE 7 
THE EXCITATION POTENTIALS OF THE UPPER LEVELS OF CERTAIN EMISSION LINES 


] 
Ion x Ion | x Ion x 
Cu 3009 | 42.64 | Nur...| 3360 | 39.08 || Omr..| 3265 | 40.10 
4069 | 42.78 || 3750 | 38.70 3708 | 40.41 
4187 | 42.78 | 3938 | 41.26 3760 | 36.30 
4368 | 50.81 || 4100 | 30.28 
4383 | 42.49 | 4200 | 39.59 | O1v..| 3386 | 57.80 
4650 | 32.06 | 4379 | 41.31 | 3411 | 51.79 
| | 4517 | 38.26 | 3562 | 63.08 
Civ....| 3934 | 58.12 | 4543 | 41.42 | 3730 | 61.12 
| 4441 | 58.19 |) 4638 | 32.95 | 
5805 | 39.51 | Ov 4124 | 83.60 
| | Nav 3483 | 49.99 | 4147 | 87.40 
| 3748 61.60 | | $590 | 74.15 
4057 | 52.90 || | 
1] | 


At a temperature of 36,000° the He 11 4686 line should be roughly thirty-five times as 
strong as the He 11 5411 line of the Pickering series. Actually, it is only six or seven times 
stronger in the four stars of the nitrogen sequence (where A 4686 is the strongest line in 
the spectrum) and in BD+35°4013 and BD+36°3956, while it is only about twice as 
strong in BD+43°3571. 

The strongest lines are generally those arising from the lower levels, and, if they are 
weakened systematically by self-reversal, our computed temperatures will come out too 
high. Furthermore, if the excited levels of the atoms are populated principally by the 
capture and subsequent cascading of electrons, the partition of atoms among the excited 
levels will differ from that in thermodynamic equilibrium, in the sense that the lower 
levels will have too small a population. Such an effect, even without self-reversal, would ° 
tend to make the computed temperatures come out too high. Swings” has shown, how- 
ever, that the dilution of radiation in the envelopes of Wolf-Rayet stars cannot be great, 
and we may reasonably suppose that line excitation plays an important role in populating 
the excited levels. Theoretical studies of gaseous nebulae” suggest that in this case devia- 
tions from a Boltzmann distribution may even take place in the opposite sense; i.e., the 
lower excited levels may have too large a population. 

*4 [bid., chap. vii. See also H. E. White, Introduction to Atomic Spectra, p. 200, noting Figs. 12, 13. 
Configuration interaction may also be of importance for certain levels in complex atoms. 


25 Swings found that the dilution of radiation in the helium lines is small. As he and Struve remark, 
however, this result does not necessarily require that the extent of the envelope be small but merely that 
the helium line radiation remains intense throughout the gaseous shell. See n. 32, below. 


26.4». J., 88, 422, 1938. 
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TABLE 8* 
EXCITATION TEMPERATURES OF THE WOLF-RAYET STARS 


| | 
Ion Line Ratio nh | Iz | Tw Ts Notes 
BD+43°3571 
Heu..... 18,000 ‘|........... 
Cm..... 4069/4650 14 176 24000 23.000 
(4383+4368) /5696 6.6 62 22,500 |........... 
Civ...... 3934/5805 <6.3 200 < 45/000 35000 
Om..... 3760/3265 6.9 5.3 26.500 30000 
Ow...... (3386-+3411) /3562 22.0 29 140/000 70,000 
Ov. (41244-4147) /5590 90 17 79/000 52/000 
BD+35°4013 
3760/3265 13 6 12 8 26,600 35,000 
3708/3760 10.0 13.6 73,000 133/000 | 2 
Ow...... 3411/3734 40.0 18.7 230,000 75/000 
3411/3562 40.0 { 4) 130,000-160,000 | 70,000 | 4 
Cm..... (418744069) /4650 | 9 4427.4 220 26,200 25000 
4368/4650 5.1 220 24° 200 33000 
3609/4650 16.4 220 46,000 200 
Civ (44414+3934)/5805 | 17.0+10.0 82.5 77/000 47/000 | 5 
BD +36°3956 
Om..... 3708/3760 8 7.6 150,000... 2 
Ov 4124/5590 3.7 11.5 70000 45.000 6 
Cim..... 4069/4650 90 160 22’ 000 21600 
Civ...... (39344+4441)/5805 | <5.546.8 | 140 52,000 36,400 
BD+36°3987 
Hen..... 3203/4686 20.3 
Nun... 4518/4638 6.15 11.8 40,000 51.000 | 8 
BD+35°4001 
Hem..... 3203/4686 95.7 | 237 $6000 
Nim..... 4380/4638 6.7 38.3 31.000 34.000 
4200/4100 14 45 4 43/000 68.000 | 9 
Niv 4057/3483 30 92 72/000 260.000 
BD+38°4010 
Hen..... 3203 /4686 | 8.5 65 10,000... | 
Num... 4379/4638 7.0 13.5 45/000 42.000 
(4517-44543) /4638 <12.0 13.5 63.000 57,000 | 


* A comparison of the intensities in Table 8 with those in Tables 4 and 5 will show many cases where the relative contributions 


of the different components of a blend have been estimated for the purpose of the temperature calculations. 
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TABLE 8—Continued 


Ion Line Ratio | Ii | TI | Tw | T4 Notes 
BD +37°3821 

Heu..... 3203/4686 86 | 270 23,000 27,600 

Nm.... 4379/4638 9.0 | 67 | 
3938/4638 3.0 67 25,400 18, 500 
3750/4638 | (4.0) | 67 7 
3360/4038 14. 4 
4379/4100 | 9.0 | 70 | 29,400 33,000 | 9 
3938/4100 | 3.0 | 70 | 9 
3750/4100 27, 200 25,000 | 9 
3360/4100 14.4 70 27, 200 33,000 | 9 

Vw..... 3748/3480 (11.2) 62 | 130,000 160,000 


NOTES FOR TABLE 8 
1. The intensity of \ 3203 is based on one plate and may be subject to large accidental error. 


2. Two O11 multiplets contribute to \ 3708. Their excitation potentials are different, so that it is 


hard to allow for them. 
3. The line 3730 has been corrected for blending with O v. 
4. The uncertainty arises from the necessity of correcting the O rv line for blending by O m1. The line 


\ 5590 of O v seems abnormally weak. 

5. The line 3934 has been corrected for blending with a C 11 multiplet. 

6. The intensity of \ 4124 has been corrected for blending of C m1. 

7. The \ 3750 band is a blend of NV m1 and _N tv radiations. On the basis of an excitation temperature 
of 25,000°, the predicted intensity of 3750 of N rr is 4.0. Hence, I have computed the relative contribu- 
tions of V mm and N rv and have estimated the excitation temperature of N tv. 

8. The 4518 band includes 88 per cent of the intensity of the 3s’4P—3p’‘D multiplet. The ob- 


served intensity was therefore increased. 
9. The line 4100 has been corrected for the He 11 contribution to this predominantly N m band. 


The temperature derived from the bright lines of an atom in the mth stage of ionization 
should be closely related to the Maxwellian temperature of the electrons captured by the 
atom in the (7 + 1)th stage of ionization. Thus, the temperature derived from the bright 
lines of O 111 corresponds to the temperature characterizing the velocity distribution of 
the electrons captured by the O rv ions. The higher the levels from which we determine 
the temperature, the more closely should this approximation hold. The electron tem- 
peratures of the radiating layers of a Wolf-Rayet star must be very much higher than 
those existing in the gaseous nebulae. The radiation density is very much greater in the 
former case, and the cooling effect of inelastic collisions plays a negligible role. 

As previous writers have pointed out, the large range in ionization represented in some 
of the individual stars cannot be interpreted on the basis of a single temperature and 
pressure. We are looking through a stratified atmosphere, whose transparency in the 
ordinary wave-length regions is rather high. We cannot see the photospheres of these 
stars; indeed, we are not even sure that they possess photospheres, in the ordinary sense 
of the word. Such evidence as the simultaneous appearance of lines of He 1 and Ne v sug- 
gests that the transparency of the atmosphere is great in the ordinary spectral regions, al- 
though it may be small in the ultraviolet, where the bulk of the radiation flows. The 
planetary nebulae provide a rather extreme analogy. In the observable spectral regions 
these bodies are quite transparent, and we normally see the central star; but, if they 
could be observed below the Lyman limit, it has generally been believed that the plane- 
taries would appear quite opaque and that the central star would be totally obscured. 
The evidence for the small dilution effects in Wolf-Rayet atmospheres must be remem- 
bered, however, before one draws too close an analogy with the planetary nebulae. 
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Beals" suggested that the bright-line emission originates entirely through the opera- 
tion of the Zanstra and Menzel mechanism for the hydrogen and helium radiations in the 
gaseous nebulae. Atoms in the ground level become photoelectrically ionized; the elec- 
trons are recaptured in the higher levels and cascade downward to give rise to the ob- 
served radiations. In this way, Beals accounted for the great intensities of the emission 


TABLE 9 


COMPARISON OF THE EXCITATION AND ZANSTRA TEMPERATURES 
FOR THE WOLF-RAYET STARS 


| | | 
| Temperature | (Beals) | 
BD+43°3571....... | Hen | 18,000 | | 
Cur | 23,000 | | 
Civ 40,000 =| 1 
Om | 28 ,000 | 
Ow | 70,000 |(Adopted T= 110,000) 3 
Ov | 80,000 | | | 
| 
Cm 28,000 | (66,500 1 
Civ 60 ,000 | 74,000 | 2 
30,000 =| <87,000 | @ 
Ow 75,000 | 
Ov 200,000? | (Adopted T=90 ,000) | 3 
36°3956....... Cu 22,000 ((Adopted T=90,000) | 3 
Cw | 45,000 | 
Ov 70,000 | | 
36°3987. Hen | 36,000 | {(Adopted T=95,000) | 
Nua | 40 ,000 | | 
35°4001....... | wen | 44,000 | 72,500 4 
| Nur | 40 ,000 | «(Adopted 7=85,000) 3 
| Nw |; 75,000 | | 
38°4010....... | He | 10,000? | 
Wie 55,000 
| Hen | 23,000 (71,000 | 2 
| Nin 27,000 | | (Adopted T=95 ,000) 
| | 130,000 | } | 


NOTES TO TABLE 9 


1. Pub. Dom. Ap. Obs., 6, 139, 1934, Table 8. 
2. J. R. Astr. Soc. Canada, 34, 179, 1940, Table 3. 
3. Ibid., Table 4. 


lines with respect to the background continuum and derived temperatures of the Wolf- 
Rayet stars by the Zanstra method. He obtained a lower limit to the temperature when 
he applied the method to an ion like N 11, C m1, or C 1v by supposing that all the recap- 
tured electrons, in cascading, acted to produce one or another of the observed lines. For 
example, the number of quanta radiated in the 4650 C 1m line would be equated to the 
number of quanta absorbed by C 111 ions to become photoelectrically ionized, since it was 
assumed that every recaptured electron is regained on an excited level and that, as it 
cascades downward, the atom radiates the 4650 line. Beals pointed out that this assump- 
tion would give a lower limit to the temperature because most of the electrons are likely 
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to be recaptured on the lower levels, not to produce observable lines at all. In his discus- 
sion of the origin of the permitted lines of C m1 and N 11 in NGC 6543, Swings*’ suggested 
that strong nuclear ultraviolet radiations of O rv, C 1v, N Iv, and N v may play an impor- 
tant role in photo-ionization processes. In the Wolf-Rayet atmospheres such line radia- 
tion may play an important role in exciting the higher levels of the observed ions; and, if 
the dilution of radiation is small, the primary mechanism is probably not so effective in 
the production of emission lines and the straight absorption and re-emission of line radia- 
tion. In that case the assumptions underlying the method of Beals are open to serious 
question. In any event, the Wolf-Rayet stars probably do not radiate as black bodies in 
the ultraviolet but have spectra characterized by a number of strong emission lines.'® 
Hence, the temperatures of planetary nuclei and classical Wolf-Rayet stars derived by 
the Zanstra method can at best be regarded as only orders of magnitude. The last column . 
of Table 9 lists the temperatures obtained by Beals by the application of the Zanstra 
method; they are generally higher than the excitation temperatures. 

In Figure 3, I have plotted the mean excitation temperature as a function of ioniza- 
tion potential. The points give the mean temperature for all stars for a given ion; ions of 
the same ionization potential have been grouped together. The individual points on 
which this curve is based show much scatter, but there is a marked indication that the 
temperature rises as the ionization potential increases. The interpretation is simple; a 
high temperature is required to multiply ionized atoms of carbon, nitrogen, and oxygen. 
As far as emission-line excitation is concerned, the temperature of the Wolf-Rayet star 
depends upon the type of atomic thermometer used. 


THE CHEMICAL COMPOSITION OF THE WOLF-RAYET STARS 


Our plot of excitation temperature against ionization potential amounts to a plot of 
temperature against some function of depth in the star. The lower layers, wherein the 
radiations of ions such as C Iv and O v originate, have temperatures of the order of eighty 
or a hundred thousand degrees, while the lines of O 11 and He 1 appear in the outer layers, 
where the temperature may be of the order of ten or twenty thousand degrees. This 
stratification of the Wolf-Rayet atmospheres makes a semiquantitative determination of 
their chemical composition difficult. We may know the temperature as a function of ion- 
ization potential, but we have no information concerning the increase of electron density 
with depth in the star. Nevertheless, I have attempted a preliminary analysis on the 
basis of my temperature calculation and line-intensity measurements. 

The amount of energy radiated per unit volume by JV, atoms in the level 7 in the line v 
is V,Ahv, where A is the Einstein coefficient. The number of atoms in the level is 
given by the combined Boltzmann and Saha equations** 


3 
h On 


TS? (2emk) a; (12) 


N, = b,, 


where 6, is a measure of the deviation of the level from thermodynamic equilibrium, a, is 
the statistical weight of the level in question, and a; is the weight of the ground level of 


the ion, 

Bas (13) 
where x; is the ionization potential of the atom, and x, is the excitation potential of the 
level in question. From (12) we obtain 


(Qrmk)*? Eo; 
h' @, A hy 


EE 
@,Ahv (14) 


= 


= 2.39 X 10% 


27.4 p. J., 92, 289, 1940. 28 4p. J., 85, 336, 1937. 
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Because of its simple hydrogenic structure, we may write for He 11 
NiNehKg2RZ° 


where X,, = PET. and AK = 2.097 X 10-*. For any He 1 line our formula becomes 
NN. 
Baa! =Can’ On e%n/7 ’ (15) 


whence we obtain for \ 4686 and two lines of the Pickering series, 5411 and 4542, the fol- 
lowing values of Cnn’ and ap: 


n | n’ | Cont a, 


| 
3 3.92 1078 3.93 X 104 
sia 7 4 3.51X10- 1.28 


In the calculations I have neglected self-reversals and have assumed that the intensity 
of a line is simply proportional to £. I have adopted the temperature from the curve of 


0 T T T T T 
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Ionization Potential 


Fic. 3.—Relation between excitation temperature 
and ionization potential 


Ionization Potential 


Fic. 4.—Relation between V;Ne and ioni- 
zation potential 


Figure 4 except for a few ions in some stars, where I have used the temperatures directly 
from Table 9. The @A’s have been taken from Table 6. Table 10 lists the lines used in 


the stars of the two sequences C, and /,. Table 11 shows the values of log N,N, for the 
various ions, expressed in terms of the value of N,V, for He 11. Notice that, as the degree 


of ionization increases, so does the value of N,N.. I interpret this as meaning not that 
there is an overwhelming preponderance of the most highly ionized atoms of each sort, 
e.g.,C Iv, O vt, etc., in the radiating layers of the star’s atmosphere but rather that in the 
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lower layers \, increases rapidly, so that the product NX, rises. In Figure 4, I have 
plotted log Ni. against x for carbon and oxygen for BD+35°4013. 

Let us try to compare the relative amounts of helium, oxygen, and carbon in the at- 
mospheres of the stars of the carbon-oxygen sequence. The fact that oxygen and carbon 


TABLE 10 
FACTORS FOR CALCULATING ABUNDANCES OF VARIOUS IONS 
Ton log Cy Ion | log Cy ie 

Cu. 4267 17:37 4542 18.77 0.90 
C ur 3609 17 .36 5.00 4686 17.41 4.57 
4069 47.22 4.86 5411 18.45 1.49 

4187 17.79 4.86 
3934 17.82 6.05 3750 $7.77 8.50 
4441 17.73 5.98 4100 18.23 16.92 
5805 18.00 24.66 4200 18.05 7.61 
4380 7.24 5.89 
3708 18.17 14.21 4525 17.88 9.06 
3760 18.19 18.32 4638 18.11 14.25 
3411 17.81 25.24 3483 18.26 27.05 
3562 17.74 13.95 3748 18.65 15.43 
3734 17.52 15.91 4057 18.69 24.13 

4124 18.53 29.70 

5590 19.09 39.2 


TABLE 11* 
VALUES OF WITH RESPECT TO He u 


| BD BD BD Ionization 
Ion | +35°4013 443°3571 +36°3956 Potential 
2.20 —2.66 —2.14 47.64 
1.30 2.05 0.97 64.17 
2.38 2.00 54.62 
| 1.47 2.00 1.20 77.03 
—0.5 —0.5 0.30 113.3 
BD BD | BD BD Tonization 
Ion +37°3821 | +35°4001 | +36°3987 | +38°4010 Potential 
Nut....<...| —2.20 | —2.00 —1.10 47.20 
0.95 1.08 —1.27 1.44 77.04 
| —2.91 —2.79 | —2.45 64.17 
| 


* This table gives the value of V;V; relative to NV; for He u. For example, the entry for 
C 1 gives the relative number of C 111 ions multiplied by Ne. 


can exist in several stages of ionization, while helium can exist in but two, complicates the 
problem. For example, although O m1 and He 1 have about the same ionization poten- 
tial, the lines of He 1 may yet be radiated in the deeper layers, where O Iv has all been 
ionized, so that recombination lines of O 111 may not appear. For the three carbon-oxy- 
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gen stars, the average V.N(He 111) Fi N.N(O tv) ratio turns out to be about 450. Evident- 
ly, this is a lower limit to the oxygen abundance. It would be the correct value if the 
He 11 radiation were confined to the same layers as the O m1 radiation. The distribution 
of the oxygen atoms among the various stages of ionization within the radiating layers is 
unknown. Probably the number of oxygen atoms is not greater than ten times the num- 
ber of O rv ions, and it seems likely that most of the helium in these layers is doubly ion- 
ized. Therefore, we may conclude that within the limitations of our present knowledge a 
helium/oxygen ratio of about 50 is capable of explaining the observed features of the 
Wolf-Rayet stars. 

The problem of estimating the carbon/oxygen ratio is somewhat easier, as both may 
exist in several stages of ionization. We recall, however, that the C v ion is stripped to 
the K shell. Hence, in so far as the radiating layers are concerned, it acts like doubly ion- 
ized helium because the permitted levels lie several hundred volts above the ground 
level. Hence, to compare the abundance of carbon and oxygen, it is better to compare the 
N;N. curves for these atoms in the lower stages of ionization. In this way we find from 
the observed data for the three carbon-oxygen stars that carbon is about three times as 
abundant as oxygen in the carbon Wolf-Rayet stars. The carbon-oxygen ratio seems 
more constant from star to star than the helium-carbon ratio, although this may be an 
excitation or ionization effect. 

Turning, now, to the stars of the nitrogen sequence, we find the V.V(He m1)/ 


N.N(N Iv) ratio to be about 100. If about a fifth of the nitrogen exists as N rv, helium is 
about twenty times as abundant as nitrogen. We emphasize that these estimates are 
exceedingly rough, since we have no knowledge of the partition of the atoms among the 
various stages of ionization; it may well be that, in the nitrogen stars, nitrogen is more 
abundant with respect to helium than oxygen is in the carbon-oxygen stars. I have also 
estimated the abundances of carbon from C tv in the three nitrogen stars BD+ 37°3821, 
BD+35°4001, and BD+38°4010 by assuming that VV, varies with depth in the radiat- 
ing layers in the same way as in the carbon-oxygen stars. The results suggest that carbon 
is about one-twentieth as abundant as nitrogen and roughly ten or twenty times less 
abundant than in the carbon-oxygen stars. 


ELECTRON DENSITIES 


We may obtain an estimate of the electron density in the atmosphere of a Wolf-Rayet 
star from the brightness of the \ 4686 line. Let us consider the Wolf-Rayet component 
of BD+38°4010, whose dimensions are known from the work of Gaposchkin and Wilson. 
The photographic magnitude of the binary is 8.39; and the magnitude of the \ 4686 line, 
if it could be observed alone, would be about 11.0. We may apply to the Wolf-Rayet 
stars the theory which Menzel and I have developed” for the calculation of the electron 
densities in planetary nebulae. For an order of magnitude estimate I shall suppose that 
the radius of the radiating layers of a Wolf-Rayet star is about 40 per cent larger than 
that of the star itself. The work of Swings suggests that this is about the correct order of 
magnitude. If the radius of the star is about twenty times that of the sun, the volume 
contributing to the Wolf-Rayet lines is roughly equivalent to that of a sphere of about 
20 ©, taking into account the occultation effects. If the emission per unit volume is 


Enn’, the total amount of energy radiated bya sphere of radius a is - - En,»'a°. The surface 


through which this energy must flow has an area 47a’, so that the average surface bright- 
ness S, will be 3Enn‘a. Now, Menzel and I have shown that the surface brightness in 
terms of magnitudes per square minute of arc is given by 


S, = 8.40 K 10?(2.512) (16) 


29 Ap. J., 93, 195, 1941. 
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From our expression for En»’ we get 
(10-000) 


N,N. = 6.44 X 10° (2.512) (17) 


Since the distance of the star is about 2600 parsecs, the angular radius of a sphere of 
radius of 20 © will be 


0.093 X X gp = 6X 1077 minutes of arc . 


Accordingly, to reduce to surface brightness in terms of square minutes of arc, we must 
apply a correction factor, Am = 2.5 log (110 X 10~'*) ~ —30, whence Hy, ~ — 19. 
If 7. ~ T ~ 36,000° and most of the helium atoms are in the doubly ionized condition, 
so that we can set V; = \,, we find*® that V. ~ 10" — 10” electrons/cm*. This means 
that the total mass of the Wolf-Rayet atmosphere is of the order of 6 X 1074 grams; and, 
if the ejection velocity of the atoms is 2000 km/sec, the total dissipation of mass by such 
a process would amount to ~10** grams/year and a star ten times as massive as the sun; 
i.e., 2 X 10*4 grams could last but 200,000 years. This result is in disagreement with 
that of Beals. 

It is of interest to investigate the possibility of the appearance of the forbidden lines at 
the densities obtaining in the Wolf-Rayet stars. Let us compare, for example, the emis- 
sivity per cubic centimeter of the He 11 4542 line and the |O 111] 4363 auroral line. For the 
temperatures and densities prevailing in the Wolf-Rayet stars we would expect the auror- 
al transitions to yield stronger lines than the nebular transitions. Since the density is 
sufficiently high for a Boltzmann distribution to be maintained among the metastable 
levels, we have 


N, 5. 


where .V, is the number of atoms in the 'S level and NV, is the number in the *P level. 
For the auroral transition in O m1, I have found that A = 1.97. Hence, 


E=9X10-®N, = =1.8X10-3N,  (T=36,000°), 


E=2.14X 10-'N, (T= 10,000°K), 

while 
= 3 X NN. (T = 36,000°K), 
E= 3.1 X10-5N,N, (T= 10,000°K). 


If the number of O 11 atoms is 1/1000 the number of He 111 ions, we find the intensity 
ratio of 4542 to 4363 as given by the accompanying table. The intensity of the auroral 


Ne T =36,000° K | T=10,000° K Ne | T =36,000° K T =10,000° K 
170 =| || 10%..........| 1.7 108 


line depends very markedly upon the temperature. These calculations show, however, 
that for a density of 10''-10" atoms/cm*, the forbidden lines should be at least twenty 
times fainter than the \ 4542 He 11 line, i.e., about 0.05 on our scale. We may conclude 
that the nonappearance of forbidden lines in the spectra of the Wolf-Rayet stars is con- 
sistent with a density of 10''-10" atoms/cm‘ in the radiating layers of their atmospheres. 


8° [f we adopt a volume equivalent to a sphere of twice the solar radius, the density comes out about 
thirty times larger. I am inclined to favor the larger volume, about 104 that of the sun. 
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Menzel and also Beals attributed the great breadths of the lines in the Wolf-Rayet 
stars to the continuous ejection of atoms from their atmospheres. This hypothesis ex- 
plains the great widths of the emission lines, the absorption components, sometimes ob- 
served on their violet edges, and the fact that the radiations of the most highly ionized 
atoms, which originate in the deepest layers, are widest, indicating that the gases are ac- 
celerated as they move outward. 

Olin Wilson*‘has criticized the expansion hypothesis in his recent paper on BD-+-38°4010, 
If the radiating shell is small, a pronounced occultation effect should take place and the 
lines should show a violet shift and asymmetry. Since such a shift is not observed, we 
should have to postulate processes working to absorb energy on the violet side of the line 
and emitting energy on the redward side. On the other hand, if the shell is large, Wilson 
shows that, since the ejected layers whose velocity we measure spectrographically are left 
behind, so to speak, as the star moves in its orbit, there should be a phase difference be- 
tween the eclipses predicted from the spectrographic orbit and those actually observed. 
Such a phase difference, amounting to as much as 1 per cent of the period, is not ob- 
served; and large occultation effects causing a violet shift of hundreds of kilometers per 
second should come into play. Since such a shift is not observed, Wilson concludes that 
the expanding-shell hypothesis needs serious modification. He mentions the possibility of 
large-scale turbulence as a possible contributing cause to the widths of the lines. The 
chief difficulty here seems to be that the required turbulent velocities would have to be 
greater than the velocity of escape. 

In any case, physical conditions differing so wildly from those obtaining in the at- 
mospheres of ordinary stars, suggest deep-seated disturbances in the Wolf-Rayet stars. 
The expansion hypothesis has so many attractive features that it does not seem desirable 
to discard it at the present time. One might expect an expansion to be accomplished by 
large-scale and violent turbulence. The mechanics of a Wolf-Rayet envelope and the 
transfer of radiation through it provide a difficult theoretical problem. 

The sizes of the envelopes surrounding Wolf-Rayet stars have been estimated by 
Swings from the dilution factor and from the breadths of the absorption components of 
the emission lines. The former method compares the intensities of lines arising from high 
metastable levels with those arising from normal levels. The latter method assumes that 
the width of the violet absorption line is mostly due to the range in the ejection velocity 
component along the line of sight, within the cylinder defined by the limb of the star. 
The method of the dilution factor seems the more reliable, as it does not depend upon the 
questionable assumption that turbulence in Wolf-Rayet atmospheres is negligible.*” The 
work of Swings suggests that probably the radii of the shells are not more than 50 per 
cent larger than those of the stars. The sizes that he and Beals have derived for a number 
of Wolf-Rayet stars, of the order of twice that of the sun, are in marked disagreement 
with the conclusions of Gaposchkin and Wilson regarding the diameter of the Wolf-Rayet 
component of BD+38°4010. These stars do not radiate as black bodies, and in the cal- 
culation of their diameters from their absolute brightnesses it does not seem legitimate to 
assume a temperature and to apply a formula valid only for a star radiating as a black 
body. Until energy-distribution studies have been made of these objects, we can place 
little confidence in diameters calculated from assumed temperatures. 


1 Ap. J., 95, 1, 1942. 


32 More recently (A p. J., 96, 262, 1942) Swings and Struve have suggested that in the shell of a Wolf- 
Rayet star the line excitations are produced mostly by the emission lines of the shell, which attain large 
radiation densities and are, therefore, subject to little or no dilution. Consequently, one cannot conclude 
from the relative intensities of helium lines arising from normal and metastable levels very much about 
the geometrical dilution factor. They suggest that we continue to use the ejection mechanism as a work- 
ing hypothesis and that we might explain the absence of the occultation effect in the emission profiles by 
supposing that the radius of the shell is about four times that of the star, or by some reabsorption phe- 
nomenon. 
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In some Wolf-Rayet stars absorption lines are quite conspicuous. Some of these ab- 
sorption lines, notably those on the violet edges of emission lines, doubtless originate in 
the atmospheres of Wolf-Rayet stars; but others may come from normal O- or B-type 
companions. Most O stars are binaries, and it seems quite possible that Wolf-Rayet 
stars are associated quite generally with ordinary O or B stars. BD+38°4010 is one ex- 
ample, and Olin Wilson** has announced three others as spectroscopic binaries. 

Unfortunately, the present slitless data permit only eye estimates of the intensity on 
an arbitrary scale and are not adequate for a definitive study of dilution effects. Slit 
spectra should be used for this purpose. 


THE SPECTRA OF THE NUCLEI OF THREE PLANETARY NEBULAE 


In 1938 at the Lick Observatory I observed the spectra of three planetary nebulae: 
NGC 40, NGC 6543, and BD+30°3639. Provisional intensities of lines in the photo- 
graphic regions of these stars are now available. For the identifications I have relied 
mainly on the recent papers by Struve and Swings. 

The nuclei of NGC 40 and BD+30°3639 are carbon stars, but the emission lines are 
considerably narrower than in the ordinary Wolf-Rayet spectra. The nucleus of NGC 
6543 contains lines of carbon, oxygen, and nitrogen, with comparable intensity. Wright*4 
and, more recently, Swings’ have described its spectrum in detail. 

The interesting character of the spectrum of BD+30°3639 was first noticed by Mrs. 
Fleming in 1890.*° Later, W. W. Campbell,** during the course of his studies of the Wolf- 
Rayet stars, found the star to be surrounded by an envelope of hydrogen; it is, therefore, 
often referred to as ‘“‘Campbell’s hydrogen-envelope star.” Wright*’ found that the en- 
velope is not a disk but a minute ring. The object is a small planetary nebula. Wright 
studied the spectrum of the central star in detail from \ 3342 to \ 6676 and described it 
as “continuous with many superposed bright lines and a few dark ones.” Stoy** meas- 
ured a number of lines in the ultraviolet, and, more recently, Swings and Struve have 
made detailed measures of the lines in the photographic region.*® Table 12 gives the 
wave lengths, identifications, and intensities of the lines observed in this star. Helium, 
carbon, and oxygen in various stages of ionization contribute nearly all the lines. The in- 
tensities of the weaker lines are subject to considerable uncertainty. C m and C m1 are 
both strong, and the star is classified as WC8. 

The nucleus of NGC 40 displays a somewhat similar spectrum. Paddock first ob- 
served this star, but the most detailed study was that of Wright.‘° The 4650 band is ex- 
tremely strong and stands out conspicuously when viewed with the slitless spectrograph. 
The provisional intensities of Table 13, based on only one plate, are uncertain, especially 
in the neighborhood of the hydrogen lines, where it was necessary to correct for the super- 
position of the nebular images. The identifications have been taken from the table for 
BD+30°3639. The 3360 band may be due to N 11; but this assignment seems unlikely, 
as the strong 3483 line of NV 1v seems to be missing. This star appears to be a more or less 
typical carbon star. 

The nucleus of NGC 6543 shows a few, relatively faint, emission lines superposed upon 
a continuous spectrum. A remarkable feature of this star is that it shows the lines of 
C tv, N rv, and O 1v with comparable intensity (see Table 14), while V m1 is missing and 
the presence of O 111 has not been confirmed. The strong line of C 11 near \ 4650 is miss- 
ing, and the rather weak line found in this vicinity is to be attributed to C Iv, according 
to Swings. The range of ionization is limited, as compared with the other Wolf-Rayet 
Stars. 


33 Pub, A.S.P., 53, 295, 1941, 87 Op. cit., p. 221. 
34 Pub, Lick Obs., 13, 211, 1913. 38 Pub. A.S.P., 47, 162, 1935. 
35 4.N., 125, 155, 1890. 39 Proc. Nat. Acad. Sci., 26, 548, 1940. 


36 Astr. and Ap., 13, 461, 1894. 4 Op. cit., p. 196. 
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3412.9 | 3411.76 | On 
(3440. 39) | 
3444.10! 
(3446 73, | Ol 
: | (3450.94) | 
| [3560.42) | 
3563.36) O Iv 
| (3609.61) | 
3609 | 3608 96, C 
3640.0...... | 3638.70 Om 
= | (3702.75) | 
J 3703 .37| | 
3703... 3704.73) | Or 
| (3707.24) | 
| [3712.48 
3712-14 | (3715.08; | Om 
| 
3760. . | | Ou 
3774... | 3774.00 | Om 
3791. | 3791.26 | om 
3 | (3813.53 | Hen 
ad "(3810.96 | Om 
{3816.75 | Om 
3820. 3819.61 | Het 
| [3888.65 | Het 
3889. (3889.18 | Cm 
{3918.98) | 
3916-20 3920.68) 
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4472 
4516 


4542 
4553 
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4066. ... 


4680. 
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4786... 
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* The intensity of \ 4686 is chosen as 1.00 in Tables 12, 13, and 14. 
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I have tried to estimate the relative abundances of oxygen, carbon, nitrogen, and 
helium in these stars. It is difficult to make a guess for helium, but the relative propor- 
tions of the other constituents may be inferred from the data with less trouble. In 
BD+30°3639 carbon appears to be eight or ten times as abundant as oxygen, while heli- 
um is presumably about ten times as abundant as carbon. We find a similar composition 
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RELATIVE LINE INTENSITIES IN THE NUCLEUS OF NGC 6543 


TABLE 14 


Line | Ion Int. 
Het 0.61 4650 
Niv 0.34 || 
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LINE INTENSITIES IN THE NUCLEUS OF NGC 40 


Iden. Int. 
cm =| 08 
Het, Cm 0.21 
Cm OV 0.28 
Cur | 0.27 

0.20 
Cn 0.30 
0.91 
Ci 0.17 
Civ 0.23 
Het 0.13 
Cim 0.18 
He 0.19 
Cm, Civ 4.36 
Het 1.00 


| 
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| 
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| Ion Int. 
0.45 
He 1.00 


for the nucleus of NGC 40. The observations may be explained by supposing that carbon 
is six times as abundant as oxygen and that helium is roughly ten times as abundant as 


carbon. 


The composition of the nucleus of NGC 6543 is of particular interest. For this star I 
have assumed the relative abundances of carbon, nitrogen, and oxygen to be the same as 
the relative proportions of C 1v, N 1v, and O rv. Oxygen and nitrogen then appear to be 
about equally abundant, and carbon is four times as abundant as either. The proportion 
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of helium is more difficult to estimate. We may suppose that the helium radiations origi- 
nate at a much higher level than those of carbon, nitrogen, or oxygen. If this is true, we 
would expect the C 111 radiations to be present in the intermediate layers; but the eyj- 
dence is strong that the C 111 is scarce, if present at all, and we are forced to the conclu- 
sion that in this star most of the radiations originate in a layer which is remarkably 
homogeneous in density and temperature. In that case the abundance of helium is prob- 
ably not much different from that of carbon, nitrogen, and oxygen! 

The planetary nuclei present a number of interesting problems. Perhaps the most 
perplexing is that exhibited by NGC 40 and BD + 30°3639, where nebulae showing strong 
nitrogen lines surround stars which show no trace of nitrogen in their spectra. While the 
ordinary Wolf-Rayet stars seem to fall into either the nitrogen sequence or the carbon- 
oxygen sequence, the planetary nuclei often show the lines of carbon and nitrogen with 
comparable strength. The planetary nuclei seem to be about 3 mag. fainter than the 
classical Wolf-Rayet stars, and their spectra sometimes display sharper lines.*! 

The ultraviolet temperatures of the nuclei of the planetaries may be derived from a 
comparison of the intensities of the Balmer lines and the forbidden lines by a method very 
similar to that suggested ten years ago by Stoy.** The present method takes into account 
the finite electron temperature of the nebula, and the resultant temperatures of the cen- 
tral stars are a bit higher than those found by an application of the Stoy theory. The ul- 
traviolet temperatures of the nuclei of BD+30°3639, NGC 40, and NGC 6543 turn out 
to be 15,000°, 17,000°, and 47,000°, respectively. The significance of these temperatures 
is not too clear. Probably they are little more than rough indicators of the amount of 
energy radiated beyond the Lyman limit in these stars. The great range of ionization ex- 
hibited in certain planetary nebulae is difficult to reconcile with a central star radiating 
as a black body. 

The Wolf-Rayet stars, although few in number, appear to have considerable cosmo- 
gonic importance. Their lack of hydrogen sets them apart from all other stars, save the 
supernovae. One suggestion which may prove fruitful is that these objects are supergiant 
stars that have reached the end of their energy resources. According to the Bethe 
mechanism, the stars of the main sequence shine by the conversion of hydrogen into 
helium. The rate of energy generation is so high for the B stars that we may expect them 
to burn up their hydrogen in a few million years. Since other nuclear sources are not 
known, we might expect the star to start contracting under its own gravitational attrac- 
tion. Under such conditions it is conceivable that the star might reach no equilibrium 
and might eject its atmosphere continuously into space. Chandrasekhar** has pointed 
out that a star with a mass greater than M; = 5.7Mo/u (where M, is the mass of the sun 
and yw is the molecular weight) must eject the excess mass before it can reach the final 
completely degenerate state. He has also suggested that the supernova phenomenon 
may result from the inability of a star of mass greater than M° to settle down to the final 
white-dwarf stage without getting rid of its excess mass. It is tempting to suppose that 
the Wolf-Rayet process represents an alternative evolutionary path, whereby a massive 
star may eject its outer layers and ultimately attain a degenerate white-dwarf state.“ 

How close is the relationship between the classical Wolf-Rayet stars and the planetary 
nuclei? Conceivably a Wolf-Rayet star on the downgrade might become a planetary 


41 Dr. R. Minkowski has kindly informed me that several planetary nuclei, i.e., those of NGC 6751, 
IC 351, and NGC 6905, have bands of a width quite comparable to those of the classical Wolf-Rayet 
stars. NGC 1501 also belongs to this group, and there are indications that some of the fainter central 
stars are to be added when satisfactory spectrograms have been obtained. Dr. Minkowski further remarks 
that “if the ejection hypothesis is adopted to explain the great width of the nuclear lines, the presence of a 
surrounding nebula with the usual! small range of velocities appears not quite satisfactory.’’ This addi- 
tional difficulty in relating the nebulae and their central stars is not to be overlooked. 


2 M.N., 93, 593, 1933. 43 Ap. J., 96, 172, 1942. 
44 Goldberg and Aller, Atoms, Stars, and Nebulae, p. 277 (in press). 


ae 
3 
| 
| 
) 
| 
‘ 


WOLF-RAYET STARS 163 


nucleus, but it seems difficult to credit these stars with the origin of the planetary 
nebulae. The velocities of ejection would have to diminish considerably. Furthermore, 
the studies of Wyse and Bowen“ and of others have shown that the planetaries consist 
mostly of hydrogen. On the other hand, we have seen that the Wolf-Rayet atmospheres 
seem to be composed essentially of helium but with varying admixtures of other ele- 
ments. Nevertheless, on any hypothesis, the disparity in chemical composition between 
the nuclei and the nebulae surrounding them presents a fundamental difficulty for which 
no satisfactory explanation has yet been presented.*” For the time being, we may find it 
convenient to regard the planetary nuclei and the classical Wolf-Rayet stars as some- 
what different types of objects—in size, luminosity, and sometimes chemical composi- 
tion. 
NOTES ON INDIVIDUAL STARS 

1. The nitrogen sequence—BD+37°3821 shows strong emission lines, 20-30 A wide; 
those of ionized helium are particularly intense. Absorption lines on the violet edges of 
emission lines are conspicuous. Table 15 lists the intensities of the absorption lines as es- 


TABLE 15 
ABSORPTION LINES IN THE SPECTRUM OF BD+37°3821 
Int. Ion Int. Ton 

ROA? 8 Her || 4025......... 1 Het 
Is Het 8d Niv 
3? Niv 


timated on an arbitrary scale; “s” and ‘“‘d” signify sharp and diffuse lines, respectively. 
The simultaneous appearance, with comparable intensity, of He 1 lines arising from both 
normal and metastable levels indicates that dilution effects of the type described by 


Struve and Wurm are not important. 
BD+35°4001 shows a spectrum very similar to that of the preceding object except 
that the emission lines tend to be broader and the absorption lines are less conspicuous. 
BD-+36°3987 has much weaker and narrower emission lines than the other two stars. 
The \ 4543 and A 4517 lines are well separated and distinct; \ 4640 and d 4100 are fairly 


diffuse. The only line observed in the visual region is \ 5414. 


5 4 more attractive hypothesis is that the planetary nebulae originate from the “‘slow novae,”’ whose 
ejection velocities are low. The methods developed by Menzel and his colleagues for the study of physical 
processes in gaseous nebulae may be applied to an analysis of the envelopes of novae. If we suppose that, 
on the average, the composition of the envelopes of novae is the same as that of the envelopes of normal 
stars, it is possible to explain the observed emission-line intensities with the aid of a few plausible assump- 
tions. From nova to nova there are indications of appreciable variations of the relative amounts of elements 
such as neon and sulphur, however. To what extent these variations are real and to what extent they 
are the effects of physical conditions cannot be settled until a detailed investigation of the problem has 
been made. For the present, however, it seems safe to assume that the envelopes of novae are more nearly 
akin to those of normal stars and to the planetary nebulae than to the Wolf-Rayet stars and the super- 


novae. 
46 Lick Obs. Bull., 19, 1, 1939; see also Ap. J., 95, 356, 1942. 


47 It might be possible to save the situation if we could show that the conditions of line excitation in 
the atmosphere of the nuclei of objects like BD+30°3639 or NGC 40 were such as to suppress all the ni- 
trogen radiations and that the surrounding envelope consisted of selectively ejected gases. Hydrogen 
supposedly would have been ejected, but helium would have been retained by the star. Menzel (Harvard 
Reprint 161) has suggested the possibility of the separation of hydrogen and helium by selective radiation 
pressure. Such an ad hoc explanation seems highly unlikely. It is very difficult to assign reasons for the 
nonappearance of any nitrogen lines in these stars if appreciable nitrogen is present in their atmospheres. 
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BD-+38°4010 shows only \ 4686 with high intensity, although I have measured a num- 
ber of weak bands upon the tracing. The measures of the,continuous spectrum are in 
accord with the low temperature found by Gaposchkin. Additional observations of this 
star are desirable. 

BD+35°3953 shows weak lines of AX 4686, 3483, and 3203mupon an otherwise continu- 
ous spectrum. 

2. The carbon-oxygen stars —BD+35°4013 contains the greatest number of lines of 
the stars of the program and has been used as the basis of Table 5. The lines, as meas- 
ured on slitless plates, are relatively narrow, and most of them have been identified. Be- 
yond \ 3800 the intensities are based upon a single plate and are to be regarded as dis- 
tinctly provisional. 

BD+36°3956 is a carbon star for which the data are restricted to the wave-length in- 
terval from \ 3700 to 6400 because of the overlapping image of a much brighter star 


TABLE 16 
ABSORPTION LINES IN BD+36°3956 


Associated | Associated 
Wave Length | Emission Int. Wave Length Emission | Int. 
Line Line 
TABLE 17 
THE STRONGEST EMISSION LINES IN BD+43°3571 
Approximate | Principal Approximate Principal 
Wave Length | he Contributor Wave Length ” | Contributor 
| 33 Het 4686...... 43 He 
62 Cm 22 O ut, O Iv 
| | 21 Ov 


beyond \ 3700. The C m1 and C rv lines AA 5805, 5696, and 4650 are the dominating fea- 
tures of the spectrum. The He 11 \\ 4686, 5412, 4861, and 4343 lines are easily visible, 
but higher members are weak; \ 4471 of He1 is very weak. Lines of O1n, Orv, and Ov 
are in evidence. From the assumed wave lengths of the emission lines Ad 3708, 4069, and 
4861 I have derived rough wave lengths for a number of the absorption lines. Table 16 
gives the absorption-line intensities on an arbitrary scale, wave lengths, and associated 
emission lines for this star. 

BD+43°3571 exhibits broad bands which are difficult to measure and to identify. The 
spectrum is composite,’ showing absorption O7 and emission WC6 characteristics. Such 
an association of emission and absorption spectra is consistent with the suggestion that 
many Wolf-Rayet stars are components of binaries. Beals remarks that there appears 
nothing unusual in the absorption spectrum to differentiate it from other absorption O 
stars. The intensity tables of Whipple and Mrs. Payne-Gaposchkin greatly aided the 
analysis of the spectrum and the disentanglement of overlapping emission lines (see 
Table 17). 
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Het exhibits a strong 5876 line; \ 4472 seems to be mixed with a broad blend, » 4026 
js missing, and \ 3889 may be a part of a blend. He 11 is represented by the strong 4686 
and 3202 lines and also by 5414; the other lines are weak and blended. C 11 may be the 
principal contributor to the broad diffuse band near the 4266 line. C 11 contributes the 
strongest line, 4650, in the photographic region, and also thestrong 5696 line. TheC Iv 5805 
line, the excitation of whose upper level is 20 volts lower than the other relevant levels of 
this ion, is particularly strong. All the other lines appear in blends. Although the pres- 
ence of O 11 cannot be established, the 3762 and 3205 lines, principally due to O 111, are 
observed. A comparison of the 3386-3411 band of O rv with the 3562 band of the same 
ion leads to an excitation temperature of 70,000°. The 5590 O v band is strong; O v1 is 
probably the principal contributor to the blend at 3820. 

Despite the difficulty of disentangling the overlapping lines that contribute to the 
broad bands of the spectrum of BD+43°3571, most of the observed bands seem to have 
been satisfactorally identified. In a number of cases I have attempted to estimate the 
relative contributions of the different members of a blend. Slitless plates of relatively 
low dispersion seem to be the most suitable for the study of the broad lines in such a star 
as BD+43°3571. 

Accurate measures of the continuous spectra of the Wolf-Rayet stars, especially in the 
ultraviolet, are urgently needed. Also, additional work on the profiles and intensities of 
the emission lines should be done. 


Iam grateful to Director Wright of the Lick Observatory, who made it possible for me 
to secure the plates used in this investigation. I am indebted to Dr. Whipple and to Mrs. 
Payne-Gaposchkin for helpful discussions of the problems of the Wolf-Rayet stars. 
Thanks are also due to Dr. O. C. Wilson, and Dr. R. Minkowski, and Dr. P. W. Merrill, 
of the Mount Wilson Observatory; Dr. C. S. Beals, of Victoria; the late Dr. A. B. Wyse, 
of Lick Observatory; Dr. O. Struve and Dr. P. Swings, of Yerkes; and Dr. D. H. Menzel, 
of Harvard, who have read one or the other of the successive versions of this paper and 
have made numerous valuable suggestions. I am grateful to Director Bobrovnikoff and 
Dr. J. A. Hynek of the Perkins Observatory for the opportunity of securing some slit 
spectrograms of a number of Wolf-Rayet stars. Additional plates will have to be secured 
before a complete study of the intensities and profiles of the emission and absorption 


lines can be made. 
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ABSTRACT 


On the basis of 1120 photographic plates in the Harvard collection a light-curve of S Doradus has 
been derived. The light-curve can be interpreted as that of an eclipsing star with a period of 40.2 years. 
Four minima are observed: in 1890, 1900, 1930, and 1940; the system has the large eccentricity of 0.4. 
In addition to the four minima, secondary fluctuations appear in the light-curve. The eclipse lasts over 
3 years. The maximum brightness of the star was 8™8, and the range for both minima was 064. 

Calculations based on the light-curve, an adopted bolometric correction, and the known modulus of 
the Large Magellanic Cloud lead to masses of 60 and 55 © and radii of 1400 and 1260 ©. By the use of 
a method that has been found to be valid for normal eclipsing stars, radii of 2100 and 1900 © are deduced, 
masses of 160 and 145 ©, and absolute bolometric magnitudes of —12.7 and —12.5; but the stars are 
probably underluminous and may lie about 3 mag. below the extrapolated mass-luminosity relation. 

The spectrum shows the bright lines of hydrogen, which did not disappear during the minimum of 
1930. 


1. General.—It has been shown in a recent note! that the variation of S Doradus can 
be interpreted as that of an eclipsing binary with a period of 40 years—the longest known 
—and an eccentricity of 0.4. The present paper contains a detailed presentation of the 
material and a discussion of some details of the system. 

2. Observations and comparison stars.—The photographic estimates are given in 
Table 1. The first column gives the Julian day; the second and third columns contain 
two independent estimates by the writer, made with reference to different comparison 
stars; the fourth column, an estimate by Miss Virginia Brenton relative to one of the two 
sets of comparison stars. Three independent estimates are given in the table in order to 
indicate the size of the systematic and accidental errors. The original estimates were 
made not in magnitudes but in arbitrary units (which, on this occasion, happen to be 
0™11); the second decimals given in Table 1 are to be regarded as computational. 

The magnitudes of the comparison stars were determined by the author from 6 plates 
in relation to Selected Area 190.? This Selected Area is 9° from S Doradus; the zero 
point may be slightly uncertain, but the scale is probably reliable. Table 2 and Figure 1 
summarize information concerning the comparison stars. Comparison star a is a red 
star and may be slightly variable; star } is essentially equal in brightness to the eclipsing 
system and constitutes a good check on the magnitude, although it is in the center of a 
small cluster. 

3. The spectrum.—In addition to the plates on which the brightness of S Doradus 
could be estimated, there are 52 plates on which the spectrum of the variable is seen. 
Most of these spectra are of poor quality, and many show no features. They can, never- 
theless, be successfully used for estimation of brightness, since the images are compa- 
rable to extrafocal images. Table 3 gives the results of such estimates and some remarks 
on the spectra. 

The spectrum shows no absorption lines, and only on about a dozen plates are the 
bright lines conspicuously present. As may be seen from the light-curve (Fig. 2), the 
estimates made from spectrum plates are consistent with the other estimates. It should 
be noted that during the minimum of 1930 the bright lines did not disappear. 


1S. Gaposchkin, Pub. A.S.P., 54, 264, 1942. 
2S. Gaposchkin, Harvard Ann., 89, No. 9, 1938. 
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TABLE 1 


PHOTOGRAPHIC OBSERVATIONS OF S DORADUS 


JD JD JD 
“+ IPg 244+ IPg 244 IPg 
11313....| 8™84 15590. 9m29 16825... 8™84 
313. ~~ ee 630. 9.29 855....| 8.89 9=00 9.00 
12014. . 9.34 9.45 | 747. $3923 
014. 9.40 9 34 9.07 8.95 .... || 17020....| 8.89 8.89 
028... 9.45 037.. 8.89 878 9.00 040....| 8.89 
034... 9.34 9.45 043....| 8.89 066. . 8.89 
036....| 9.45 9.34 043....| 9.00 075. 8.78 RED 
066. . 940 9.40 061. 076.. 8.67 8.67 
066....| 9.56 9.40 072. 9.23 8.89 8.89 080... 8.67 es 
066. . 940 9.45 073....| 9.00 O81. 8.78 8.78 
697. 8.95 8.78 || 079....| 8.78 9.00 8.89 097. 8.56 8.89 
13119... || 086. 8.89 105....| &.89 8.45 8.67 
6.7 6.38 |} 093. 8.73 8.78 || 108. 
176. a | 126. 8.78 8.78 8.67 || 110. 8.67 8.67 8.78 
479. 130. 9.07 8.45 .... 8.67 
496. $.% 6.78... | 166. . 8.89 .... 8.89 || 125. 
875....| 8.89 9.12 9.12 |} 128. 9.12: 8.56 8.67 
14169... 8.78 9.18 166... 8.78 
300... 8.89 340... 9.00 8.89 174. . 8.45 8.78 
613....| 9.07 a ees 9.00 9.12 9.12 213....| 8.67 9.00 8.78 
639...., 9.18 | 396. 9.00 8.89 237. 
| 
891. 9.51 .. || 397. 9.07 416. 
892... 9 29 407. 9.00 900 | 433....) 8.78 
904. 9 34 | 432. 9.12 9.12 8.89 | 465. 8.67 9.12 8.67 
905..... 9.45 | 437, 9.00 $.99 9.12 || @3....) GBP 
907. 9.51 438, 9.07 8.67 8.45 
910. 945 .... 459. 9.12 9.12 494.. 
925. 956 9.56 476. MA) 9.12 | 499.. 8.78 8.78 8.78 
928. 9 45 | 477 9 34 502. 8.73 
| | 
937... 9.23 9.45 9m34 || 492 912 9.12 9.23 1 507 8.67 8.67 
939... 9.56 9.56 9.56 || 557 9.40 9.34 9.12 || 532. 8.78 8.78 
940. . 9 56 579. 9:00 824. 8.67 
941. 504. 929 9.34 9.12 | 828. 
955....| 9.56 9.67 9.67 || 603....| 9.23 9.34 9.56 || 832. 8.78 8.67 8.67 
955 647. 9 12 8.89 || 834. 8.89 
956. 9.40 9.56 .... || 724. 9.00 ‘| 858. 8.73 
900....| 9.45 9.56 9.45 || 724. 8.95 866. 8.73 
995..... 9 34 || 9 29 9.23 || 886. 8.45 
15089. | 9 45 745....| 9.07 9.00 || 18126 8.67 
224....| 9.45 | 754.. 9.07 184. 
760....| 9.00 9.12 || 202....| 9.12 8.73 8.89 
266....| 9.56 9.45 | 781. 0.07 .... | 
267. 785....| 9.00 9.00 9.00 | 266. . 8.67 8.67 8.34: 
274....| 9.67 9.56 9.45 || 787. 912 889 9.12) 271. 
200...) DAS | 789. ..... || 332. 8.78 8.56 8.67 
956 9.45 9.56 802. 9.18 || 366. 
819. | 369. 8.78 8.56 8.45 
372. .... 821. 9.00 8.78 8.78 
465....| 9.29 822 8 89 8 89 8.89 374... 8.73 8.78 
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TABLE 1—Continued 
| JD | JD | 
244+ IPg 244 IPg 
|| 20145....| 8789 .... .... || 21362....] 8m89 
8.67 146....| 8.67 8"56 || 366....| 9.00 &m7g 
8.78 177....| 8.67 8.67 8.67 mm...) .... 
393....| 8.45 8.67 489 9.07 
552. 9.00 400....| 8.67. .... 493....| 9.07 
562. 8.67 | 421.. £8.42 $47) @S....| .... 
572. 8.78 512. 8.78 8.67 
574. 8.78 | 433....] 8.56 513....) 8.62 
574. 8.95 | 446....| 8.62 538....| 8.67 
589....| 8.67 8.89 || 448. 8.56 8.45 8.78 568....| 8.67 
592.. 8.67 .... 460. .... 
595....| 8.78 8.56 8.67 || 482. 696 9.00 9.00 
598....| 8.84 8.89 8.56 8.67 756 9.07 
599....| 8.67 .... || 606. 757 9.18 
i 602....| 8.89 8.78 611 8.45 8.67 | 864 9.00 
611. 8.89 8.45 .... .... || 22000....| 8.78 8.89 
‘ 614. 8.78 8.78 8.78 753....| 8.89 8.62 8.67 || 072....| 8.95 
626. 8.89 8.89 8.67 433....| 8.56 
631. 8.78 8.78 8.67 774....| 8.56 
632....| 8.84 15...) | 437....1 9.00 8.67 
644....| 8.67 8.84 8.78 || 776....) 8.56 |} 585....| 8.84 
652....| 8.78 | 787....| 8.89 609....] 8.67 8.67 
i] 
698. _ || 805....| 8.67 670....| 8.78 8.56 
698. Mi...) 23271....| 8.56 
E 701. 8.89 8.78 8.89 812....| 8.67 325....| 8.73 
701. 9.00 8.78 8.78 817 8.67... 346 
a 750. 8.78 8.89 8.78 || 838 8.56 8.67 386. 8.56 8.67 8.67 
898. 8.84 .... 503....| 8.67 8.78 8.67 
; 917. 8.84 985 8.67 8.56 8.56 523....| 8.86 8.78 3.4 
: 925....| 8.78 21007 8.67 8.56 8.67 649....| 8.62 
946... 8.67 046...., 8.62 668 | 8.78 
946....] 8.89 ... 056 8.62 768....| 8.67 .... 
984... 123....| 8.67 768. | 8.56 8.78 8.56 
985. .:.. 8% 129 8.73 
8.78 .... 8.78 135....| 8.67 785. 8.78 8.62 8.67 
302. 8.67 8.95 8.56 || 155....| 8.67 8.67 .... 791....| 8.56 8.89 8.34 
303....| 8.56 8.45 8.56) 157. .... 
323. 8.89 8.56 8.67 || 800....| 8.67 .... 
. 392. 8.67 8.34 8.34 || 181....| 8.78 as 815....| 8.67 8.56 8.45 
531....] 8.67 194 8.45 8.56 815 8.56 
749. 8.67 8.78 822....| 8.56 8.56 834 
755. 8.67 .... 8.45:|} 217. 822....| 8.56 
775....| 8.67 8.67 8.67 || 222....| 8.78 .... 8.607 8 34 
992. 8.56 .... 8.45 || 226....| 8.56 8.78 
015.. | 8.56 8.78 056....| 8.78 8.89 
‘ 036....| 8.56 8.45 8.34 || 331. | 8.78 8.67 056....| 8.89 ... 
098....) 8.34 | 335....]| 8.78 8.84 088...., 9.00 
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JD JD 
IPg 244 IPg 244 IPg 

.... .... |] 24523....] 8™95 8™56 867 || 25287....| 8™78 .... .... 
9.00 8™78 8™g9 526....| 8.89 8.67 8.67 299... 9.12 .... 9m12 
9.00 8.78 8.67 527....| 9.07 8.56 8.89 319....| 8.78 8™67 8.67 
$3 .... &4 325. 9.00 9.00 .... 
Bee See 387.. 8.78 8.56 8.78 
8.07 6.56 .... 533....| 9.00 8.67 8.89 420. 8.78 8.67 8.89 
....: 534....| 8.95 8.67 8.67 426. 
8.78 8.56 8.78 536....| 8.95 8.67 8.78 452. 8.89 8.56 8.78 
538....| 8.89 8.67 8.89 483.. 
8.39 9.00 .... 538. ras 496. . 8.89 8.56 8.89 
8.67 8.67 8.89 548... 8.78 8.67 8.56 531... - 
..... 550... 8.78 8.78 8.89 564... 
.... 553... .... 594... .... om 
558. $7 .... 613....| 8.89 8.67 8.78 
8.78 8.78 8.78 563. 8.89 8.89 8.78 621. 9.00 .... 8.89 
8.95 878 878 | 563 650. ..... 
8.89 8.78 8.89 565. 8.89 878 8.78 655... 8.67 8.67 8.78 
8.78 8.89 8.56 616. 8.89 8.84 8.78 658. . 9.00 8.78 9.23 
8.89 8.67 8.78 || 626. 900 8.89 8.89 669. 8.67: 9.12 9.34 
900 8.78 9.00 | 634. $. 8.78 8.78 710. 8.67 8.67 9.00 
8.89 8.67 8.89 637. 8.89 8.73 8.89 711... .... 
8.89 8.67 8.89 | 648. 8.89 878 8.56 867... 0.12 .... 
895 878 8.89 | 650.. 8.89 8.67 8.67 917. 9.23 9.34 9.34 
8.89 8.67 8.78 | 680.. 8.78 8.56 8.78 943....| 9.00 .... 9.00 
8 89 8.78 8.89 || 716.. 943....| 8.89 9.12 
8.89 8.78 8.89 || 717....| 8.84 8.56 8.67 966. . 9.23 pane 
8.89 8 67 8.78 | 757. 8.95 eer: 967... 9.45 9.12 
9.00 8.67 8.89 || 758.. 986. . 
8.89 8.78 8.78 || 760.. 8.89 867 8.78 997.. 9.00 9.12 9.12 
8.99 8.67 8.78 || 763....| 9.00 .... .... 9.45 .... 9.23 
8.78 8.67 8.78 | 766.. 8.67 8.56 8.67 Ol1.. 9.00 .... 9.12 
8.84 8.73 8.89 || 774.. a O11.. 9.12 .... 9.00 
9.00 8.67 8.89 || 776. 8.89 8.67 8.67 028. . .... 
900 8.89 878 || 787....| 8.89 8.67 8.67 036....} 9.12 .... 9.34 
8.89 8.73 8.89 || 797. 8.89 8.67 8.67 os7,...1 .... 
900 884 9.00 | 798. 9.00 9.23 9.12 060. . 9.23 9.34 9.23 
8.78 8.78 8.67 || 798. oe... a 085. 9.45 9.45 0.56 
814. 8.89 8.78 8.89 
8.89 8.73 8.78 || 821. 8.56 8.56 8.67 244....| 9.34 9.23 9.12 
9.00 8.73 8.89 | 825....| 8.73 8.78 8.67 250....| 9.40 .... 9.34 
900 8.73 8.89 | 826. .... .... 
9.00 8.78 9.00 830. 8.89 8.73 8.89 272....| 9.45 .... 9.56 
8.89 8.78 8.78 || 830. re 328..... 9.56 9.45 9.56 
900 884 889 || 863....| 8.78 867 889 
907 889 8.67 864.. 335..... 9.29 
912 900 9.12 || 25154.. 8.78 8.56 8.67 355....| 9.45 Dae 
900 9.00 8.89 181.. 9.12 359..... 9.56 9.34 
eles 188. . 8.78 8.56 8.78 366. . .... 
8.89 8.67 8.67 || 188.. 8.84 imi od 394. 9.56 9.34 9.23 
900 8.67 889 199.. 9.00 412.. 
9.07: 8.56 889 | 201. 456. . 9.34 9.34 
9.00 8.89 9.00 201. 8.67 8.56 8.56 460. . 9.34 9.34 
8.73 593. 9 34 
8.89 8.67 8.67 236. 629. . 9.18 9.23 
8.95 8.67 8.95 || 245....| 9.00 8.89 9.12 629... 9 23 9.12 
9.00 8.67 8.89 267. 8.89 8.89 9.00 662... 9.18 
ee 8.89 286. 8.78 8.67 8.67 664. . 9.12 


= | | | | 
JD 
24+ 
— 
ng 1 
136... 
198. ... 
144.... 
254... 
S80)... 
364... 
4 
307. 
399... 
2.... 
AOD, 
408... 
409... 
412....| 
418 
422. ... 
| 424... 
| 431....| 
| 
a7... 
487... .| 
488... .| 
489... .| 
| 491... || 
495.... 
| 496.... 
499... 
506... 
507... 
om6.... 
> 
| | | | 
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JD 

24+ 
28288... 
| 302. 
306. 

769. 8.89 8.89 
970....| 9.00 i: 364.. 
970. 9.00 | 380.. 
971. 8.87 "W393. 
978....| 8.89 | 393. 
980... 8.78 397 
989....| 8.89 .... 9.00 405.... 
907....| 9.00 9.00 408. 
998... | 9.00 .... 9.00 || 433... 

27011....| 8.78 .--. 8.89 | 455... 
046....| 8.89 8.78 8.78 || 
046....| 8.89 .... 8.89 457.. 
482.. 
120. 9.00 8.73 9.00 486... 
129. 900 .... 8.89 497 
190....| 9.00 .... 8.78 || 3504.. 
193....| 9.00 8.56 8.78 || 512. 
339... 8.89 
456. 8.67 
457.. 8.67 8.67 || 551. 
457 8.67 553. 
457. 8.67 || 
483... 8.67 
516. 8.89 
523.. 9.00 9.00 || 579 
547....| 8.67 8.78 | 595... 
579. 8.67 8.67 || 600.... 
592. 8.67 
694. 8.56 
695. 8.56 900 || 612.... 
750. 8.78 615... 
801... 8.78 8.78 || 623... 
809... 8.78 
945....| 8.67 625... 
947....| 8.78 631... 

28034....| 8.73 he 631....| 
064....| 8.78 8.56 8.67 633.... 
071.-..| 9.00 8.56 8.67 || 637. 
075....| 8.78 8.56 | 638....| 
| 638....| 
\| 639....| 
135....| 8.56 .... -... || 689... 
145....| 8.89 8.78 8.89 || 640. 
154. sa... 640....| 
181. 8.67 ... 654....| 
189. 8.78 8.84 
214. 8.56 
219. 9.00 8.45: 8.89 || 668 
224. 8.89 8.78 .... || 670 
227. 912 .... 8.78 || 672. 
250. 856... 685. 
276. 8.89 8.56 8.89 || 688. 
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867 


67 


67 


ed 


Coo: 


00 


8™67 
8.67 
8.45 
78 
78 
78 
45 
34 
34 
34 


00 G0 00 G0 00 00 OP Ce OO 
00 


uw 


IPg 


867 


8.67 


78 


OO 


8 89 


8.45 


& 56 


89 


| \| | \| 
| JD 
m67.... || 28688... | 
| 601... M367 
694.... 
390 MMM 8.78 || 722... 
cS 856 8.67 8.56 || 724....| 8.67 8.78 8.95 
856... .... || 728....| 8-89 8.78 8.89 
8.67 8.67 8.67 || 730....| 8.56 ..-. 
378 8.78 9.00 || 731....| 8.67 .... 8.78 
8:30 9.00 .... || 733...-| 8-67 
8.95 .... || 756... 
3.67 8.67 || 759....| 8.56 8.78 
<a 777....| 8.67 8.78 
8.34 8.56 8.67 ‘= 8.67 
.... || 804... 
3.78 8. 9.00 815... 
8.89 8.67 9.07 || 838....| 
8.89 8.89 8.89 || 845....| ---- 8.89 
8.67 8.95 8.89 $45. ....| 
8.56 8.67 || 849....| 
8.67 8.78 8.67 | 8.67 8.67 | 
| 364....| 8.73 8.89 
875....| 8.67 | 
| | | 
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TABLE 1—Continued 
| | | 
JD 
78877....| 8889 867 9700 |) 29108... | 
67 8.89 8.67 8.89 || 113 
878. | 8.89 8.78 8.89 || 113 
89 878....| 8.78 8.56 8.78 | 115....| 8 ne ae? 
g92....| 8.56 118.. | 8.89 9.00 340...., 8.89 9.12 
896....| 8.56 |} 129. 341 9.34 .... 9.23 
906....| 8.73 8.67 8.78 || 342...) 8.89 ---- 
| 889 8.78 9.00 || 129. 867 |} 343. 8.95 .... 
67 o04....| 8.78 || 134....| 8.89 8.78 8.89 || 344 9.12 9.00 
904...., 8.73 | 141. 8.56 8.78 || 347... 9-00 9.00 
8.78 8.18 || 141....| 8.73 9-48 9-28 
99 906....| 8.78 8.56 8.78 8.78 8.89 8.78 || 350....| 9.07 9.07 
919...., 8.45 | 8.67 9.12 || 364....] 
923....| 8.67 378 || 155....| 8.67 8.89 8.67 | 365....| 8.95 . 
67 925....| 8.78 || 368...-| 9-23 9.00 
931....| 8.56 8.67 8.67 158....| 8.78 370...) 9.12 
932. 8.67 100....| 8.45 373....] 9.07 
933....| 8.67 161 | 8.89 900 |) 374....| 9.12 9.00 
937....| 8.89 161....| 8.89 .. 9.00 374....| 9.00 .... 
45 | 8.78 8.84 8.89 || 162....| 8.78 8.50 ---- | 375....| 9.18 8.89 9.12 
3 952 8.56 8.73 || 184....| 8.67 9.00 9.18 9.12 
959....| 8.78 we 195....|  382....| 8.95... 
960 8.78 8.78 || 188 | 8.78 8.78 || 389...-| 9-00 .... 
960 8.84 188 878 8.78 8.89 || 389....| 8.78 
39 978....| 8.78 190... | 8.67 9.12 9.00 || 393...) 9-23 9.18 
988....| 8.67 ‘tS 304....| 9.18 9.23 9.18 
| 
67 904...) 8.78 9.23 9.23 
904....| 8.78 
995...., 8.67 912 9.45 9.23 
O15....| 8.45 9.12 9.18 
12 O16... 8.67 
017....| 8.56 
018 8 84 9.12 
019...., 8.67 912 .... 9.12 
019...., 8.78 9.12 9.34 9.34 
020....\ 8.34 
022....| 8.89 
30 023....| 8.56 9.45 9.23 9.23 
30 028 8.84 
039...., 8.45 9.34 9.23 9.12 
“89 042....| 8.67 
042....| 8.73 
044....| 8.56 
051....| 8.78 9.34 9.12 
8.73 9.18 
89 053....| 8.6/ 9.00 
053....| 8.73 9.23 
; 8.89 9.23 9.00 ... 
073....| 8.78 9.18 
073....| 8.78 9.23 .... 9.12 
a2 077....| 8.56 9.34 9.12 ... 
7 100....| 9.12 9.45 9.34 
106... .| 9.00 
9.23 9.34 9.23 


TABLE 1—Continued 


JD | yo | 
| 244 IPg | 244 | IPg 
29701. 9m45 29871....| 945 934 
| 703....| 9.45 9.45 872....| 9.34 ... 
| 727. 9.34 9m34 || 875....| 9.45 .... 
| 728. S45 .... 9.23 
| 729. 9.56 9.56 9.56 || 877....) 9.56 .... 
| 730. 9.51 .... || 881....) 9.45 9.45 
730. 9.56 9.23 |) 884...) 9.51... 
739. 9.56 9.56 9.34) 903..... 9.23 
743....| 9.34 9.34) O11, 
743....| 9.45 9.45 9.34 
745....| 9.45 9.45 912....| 9.29 
745...) 9.45 914. 9.45 
746. 9 56 9.34 923....| 9 34 
749. 923....| 9.34 
751. 9.45 9.56 .... 925....| 9.34 
756. 9.45 945 928. 9.45 ... 
756....| 9.56 9.23 || 952. 9.45 9.45 
756....| 9.45 955 9.34 
1] | 
| 759....| 9.34 | 955... 9.40 .. 
760...., 9.45 .... .... || 950....] 9.34 9.45 
9.56 9.45 9.23 961....| 9.45 . 
2... 962. 934 9 45 
776..... 9.45 9.56 9.23 962. 
777....| 9.56 9.45 969. 9.45 9.12 
970 9.45 9.56 
787. 9.56 9.34 9.45 973....| 9.12 
788. 9.56 973....| 9.34 
805... 9.45 9.23 986. 9.23 
805....| 9.45 988....| 9.29 
806....| 9.45 9 34 904....| 9.40 .. 
591. 806....| 9.34 30004...., 9.56 9 34 
598. 9.23 9.45 807....| 9.40 005...) 9.24 9.34 
601....| 9.12 8.89: || 808....| 9.56 9.34 9.45 || 017....| 9.12 |. 
601. 9.29 811....) 9.34 9.45 || 018....| 9.34 9.23 
602. 9.56 811....| 9.45 043....| 9.40 
605...., 9.34 || 043....] 9.56 ... 
605. 9.34 9.12 815....| 9.56 043....) 9.23 9.34 
619. 9.23 .... 9.34 | 820. ....'.... |} OB 
619. 9.34 9.45 9.34) 045....| 9.34 
627. 9.12 .... 9.00 || 822. 9.45 | 049....1 9.23 
629....| 9.45 |... | 825....| 9.23 9.45 
637. 9.45 9.34 825....| 9.40 |} 057....] 9.45... 
638. 9.45 9.23 || 836. 9.62 .... || 058....| 9.34 9.23 
639. 9.29 .... .... |] 839..../ 9.45 9.45 .... || 063....| 9.23 9.23 
639....| 9.45 .... 9.45 | 842....| 9.56 9.45 9.34 || 063....| 9.23 
640....| 9.45 9.45 9.45 || 843....) 9.45 .... .... || 073....] 9.29 
651. 9.45 . 9.45 || 847. 9.34 9.45 9.23 || 079....| 9.34 
666....| 9.45 9.45 9.45 || 847...) 9.23 9.34 9.34) 085..../ 
671. 9.34 9.45 945 9.23) 101...) 9.12 9.23 
672. 9.34 9.23 || 855....| 9.34 9.34 9.34 102...., 9.18 
690....| 9.51 9.34 104...) 9.07 
696. 9.56 || 867....| 9.45 9.56 9.56 110....| 9.00 .... 
697. 9.34 9.45 || 868....| 9.45 942 
698. 9.40 870. 9.12 9.23 || 116. A 9.12 9.00 


9™34 
9.45 


9. 56 
9.23 


9 00 


9 56 
9.23 


9.23 


9.23 
9 56 
9.12 
9.23 
9 34 
9 23 
9 34 
9.23 
9.23 
9.12 
| 
9.00 
9.1 
| 
9.00 
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173 


I] JD JD 
IPg | 244 IPg 244 IPg 
9m) 30158. __.. || 30177....| 
9.12 9.12 | 158. 9.18 
9.07 8.89 9m12 159... 9.00 9.12 9.12 182....| 9.23 
9.07 9.00 9.00 || 190.. 9.07 
9.00 9.00 | 196.. 
9.12 200. . 9.00 9700 .... 
8.95 9.12 9.00 || 168....| 8.89 9.12 9.12 || 201. 
169....| 9.00 9.23 9.12 || 203....| 8.89 8.89 
8.89 9.07 8.89 | 171....| 9.00 8.78 9.00 |) 221... 8.78 8.89 
$00 9.23 9:00 || 
9 18 176 9.12 | 
TABLE 2 
COMPARISON STARS 
Designation IPg Designation | IPg 
N 
10 
h 
a 
? e e 
. 


Fic. 1.—Comparison stars for S Doradus 


= 

JD 
34 
5 
129.... 
136.... 

)3 
148. | 
148....| 
56 149.02. 
150. ...| 
34 150... 
3 
34 
23 
12 
_| 
3 
3 
12 
| 
0 
— 
2 
12 
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TABLE 3 


ESTIMATIONS OF SPECTRUM OF S DORADUS 


| 


A PLATES 


t HB is about 0™5 brighter than Hy, which about equals the brightest part of the continuum. 


IPg 


9™23 


CO 


| 241. 


302... 


t HB is about equal to Hy, Hé is seen, about 0™3 fainter than /y. 
§ Only HB is seen; very bright (about 0™7 brighter than continuum). 
|| As for (§), Hy is very faint; violet part of continuum seems to be brighter than the red part of it. 


© More or less as for (§), only the red part of the continuum seems to be brighter than the violet part of it 


** Similar to (§). 


26304 


4. Light-curve and dimensions of the system.—Table 4 summarizes the mean light- 
curve. The grouping of the plates in means was influenced by the distribution of the 
observations in time. Table 5 summarizes the means from the spectral estimates. 


MF 


IPg 


9m40 


The light-curve shows four well-pronounced minima of approximately the same 
depth. In addition, there are several small fluctuations. From a detailed plot were de- 


duced the values given in Table 6. 
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| JD | | JD 

JD | 

24+ | = | 24+ | | 24+ | 

49076...........| 8.62 996..........| 8.89 

784...........] 8.67 |  248..........] 8.675 | 

924...........) 9.34 | | 

| 8.78 | 

45 | 962..........| 9.56 | 

73 17240..........] 8.67 | 

| 8.78§ | 

= | | 

| 404 | | 
9.344 | 
| 923 | 
9.349 | 

| 9.45 | 

3 | 9 34 | 

| 9.45 | 

* Two bright lines seen (HB, Hy). 
4 | 
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The mean magnitude of the maximum has been computed from 1287 estimations (see 
Table 1) outside of the four minima; it is 8"78. The mean minimal brightness from 196 


%e 4 
8.6) é 
= bd 4 
| | ;@ ill 
|. | 
| 
| e 
92 
95 
1891 1900 1930 1940 
2411000 16000 21000 26000 31000 


Fic. 2.—Mean light-curve of S Doradus. Ordinates and abscissas are photographic magnitudes and 
time (Julian days and years). Dots are estimates from photographic plates; circles are estimates from 
spectra; double circles denote bright-line spectra. The size of the symbols is proportional to the weight 


of the point. 
TABLE 4 
MEAN LIGHT-CURVE OF S DORADUS 


JD | |No.off JD | |No. of JD 4p, |No- of JD |No- of 
24000004 | Plates} 2400000+ | * | Plates|| 24000004 Plates|| 24000004 | Plates 
11313....| 2 |/ 16744....| | 10 || 23790....| 8761 | 10 || 28453....| 10 
11624....| 9.28 | 3 |} 16832....) 8.92 | 10 || 23044....| 8.73 | 10 || 28544....| 8.74] 10 
12044....) 9.44) 10 || 17050..../ 8.79 10 || 24171....] 8.80 | 10 || 28641....| 8.64 | 30 
12713....| 8.93 | 2 17111..../ 8.70 | 10 || 24338....] 8.78 | 10 |] 28738....| 8.62 | 30 
13147....| 8.80 | 3 || 17320....| 8.70 | 10 || 24386....| 8.81 | 10 || 28834....| 8.68 | 30 
13487....| 8.81} 2 || 17600..../ 8.70 | 10 || 24448....| 8.86] 20 || 28923....| 8.74 | 30 
13911....| 8.89 | 2 || 18074...., 8.70 | 10 || 24520....| 8.80] 20 || 29043....| 8.74 | 30 
14161... 8.71 1) 18408..../ 8.75 | 10 |) 24610... .| 8.82 | 20 || 29153....| 8.77 | 30 
14300....; 8.89 18580..../ 8.79 10 |) 24778....| 8.81 | 10 || 29232....| 8.79 | 30 
14516....| 9.08 3 | 18610..... 8.79 10 24900...., 8.81 | 10 |) 29320..../ 8.98} 20 
14894...) 9.42 | 3 || 18675....| 8.81 | 10 || 25222....| 8.84] 10 || 29373....| 9.08] 20 
14922....| 9.42 | 10 || 18975..../ 8.79 | 10 || 25372....| 8.84] 10 || 20443....| 9.19] 30 
14965..../ 9.48 | 6 | 19578..../ 8.60 | 10 || 25573....| 8.85 | 10 || 29540....| 9.30 | 40 
15089..../ 9.45) 1 | 20136....; 8.59 | 10 |) 25835....| 9.05 | 10 || 20655....| 9.38 | 20 
15270...., 9.48 8 20457....| 8.60 | 10 || 26028....| 9.25 | 10 || 29750....| 9.44] 30 
15372....| 9.40 1 || 20700....| 8.65 | 10 || 26283....| 9.40 | 10 || 29821....| 9.42 | 20 
15465....| 9.29 1 20798....| 8.65 | 10 26526....| 9.30} 10 || 29870....| 9.38] 20 
15626..../ 9.26 | 4 || 21045....| 8.64} 10 |) 26848....| 8.94} 10 || 29046... 9.35 | 20 
15735..../ 9.23 | 2 || 21192....| 8.68] 10 || 27104....| 8.89] 10 || 30037....| 9.32 | 20 
15956...) 9.01 | 1 |) 21359....| 8.75 | 10 || 27407...) 8.78] 10 |] 30144... 9.10 | 30 
16051..../ 8.93 | 10 21596....| 8.84) 10 27735....| 8.72 | 10 30185...., 9.04, 20 
16122....| 8.92 | 7 || 22056....| 8.87 | 10 || 28102....1 8.74] 10 
16378. ... 9.00 | 10 | 22532...) 8.77 | 10 || 8.77 | 10 | | 
16514... 9.21 | 10 | 23373....| 8.68 | 10 || 28346....| 8.84 | 10 | | 


estimations during the lowest portion of the minima is 9™42. The minima show slight 
differences; those of 1900 and 1940 seem to be about 0™03 deeper. The difference is 


| 
= i - 
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probably accidental, and its effect on our previously published results! would not be 


significant. 
The relative dimensions of the system were first computed, under an assumption of a 


central eclipse, by the formulae 
0.64 = 2.5 log (1 +k?*y), (1) 
ri(1+k) =sin3D. (2) 


By inserting the value of 1.0 for y (the ratio of surface brightness) and of 13.9° for 1D, 
we find that k = 0.9 and r = 0.126. Another approach, assuming a total eclipse, leads 


to practically the same value, 0.127, for r. 


TABLE 5 
MEAN MAGNITUDES FROM SPECTRA OF S DORADUS 


JD IPg | No. of JD IPe No. of Jb IPe No. of 

2400000 + | | Plates | 2400000+ Plates 2400000 + | | Plates 
| 9m23 13984.........| 5 || 18630........| 8™73 | 1 
| 1 14243... 8.74 8 | 1 


TABLE 6 
MINIMA OF S DORADUS 


| 
Duration Middle of 


= Duration Middle of 
Minimum (Days) Range Minimum (Days) Range 
1890... 2 JD 2411900: | 8™78-9—42  1930...... > 1130 | JD 2426300 "78-9038 
| > 1130 2415100 8.78-9.45 || 1940 1130 | 2429760 8.78-9 42 
The eccentricity of the orbit is determined* from the formula 
1 P, 
> (0.267) =e cosw (3) 


3 Dr. Z. Kopal suggests the following more rigorous derivation of the eccentricity: ‘Assuming the 
orbital plane to be perpendicular to the line of sight (¢ = 90°), 


2 
(th — =y-—siny, 


where 
€ COS 


y =27+2 tan”! 
V1 
A solution of the above equation yields 


cos w 


= 0.471.” 
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and by adopting w = 0. The value of the eccentricity thus obtained is, of course, a 
minimum. It should be pointed out that the two secondary minima (1890 and 1930) 

are not exactly at the same distance from the corresponding primary minima, but the 

minimum of 1890 was not well observed. Perhaps the middle of this eclipse fell about a 
ear earlier than is given in Table 6. 

In addition to the four minima that we have interpreted in terms of the eclipsing sys- 
tem, there are several noteworthy fluctuations. The long-term fluctuations are shown in 
Figure 2; the differences which are seen in Table 1 to represent fluctuations within one 
or two days may be attributed to the uncertainty of the material at our disposal. The 
principal long-term fluctuations are summarized in Table 7. In giving the table we do 


TABLE 7 


SECONDARY FLUCTUATIONS OF S DORADUS 


SECONDARY MAXIMA SECONDARY MINIMA 

| Deviation | Deviation 

JD | from Mean | JD from Mean 
Curve Curve 

2420400. ..... +0.05 


not commit ourselves as to the reality or the exact amount of variation, either in bright- 
ness or in time. 

The depression around 2416500 is a very conspicuous one. Excepting this one, the 
minima are not outside the errors of observations. The maxima, however, seem to be of 
more persistent character. 

5. Absolute dimensions and constitution of the system.—It goes without saying that the 
system of S Doradus can only be thoroughly investigated physically when radial veloci- 
ties are obtained and the orbital velocities and velocities of the bright lines are deter- 
mined. There are no observations of radial velocity in existence for S Doradus. Such 
observations would probably be decisive in confirming our suggested interpretation of 
the observed variations of light. If, however, our interpretation is correct, we can make 
a rough estimate of the fundamental physical characteristics of the system, without 
knowing the radial velocities, by applying a method that has been shown to be ap- 
plicable for many ‘“‘normal”’ eclipsing stars.‘ The quantity first computed is the mass of 
each component from the formula 


log w= 0.26 (2.17 +2 log P+ 3 log r+ 6 logT). (4) 


The quantities P (period in days) and r (relative radius in terms of the distances between 
the centers) are approximately known. The quantity 7 (effective temperature, in terms 
of solar effective temperature) was taken from the compilation of Dufay® for P Cygni, 
which S Doradus resembles spectroscopically; he gives a color temperature of 7130° for 
this star. For want of a better value, I have adopted this value for the effective tempera- 
ture of S Doradus. If we adopt 5730° as the effective temperature of the sun, we find for 


4S. Gaposchkin, Harvard Reprints, No. 201, 1940. 
5 Pub. de l’Obs. Lyon, 1, No. 1, 1930. 
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the larger component a mass of 160©. Its absolute bolometric magnitude, from the 
formula L « y*?, is then —12.75. The radius, computed from the formula 


log R= 3 (4.37 +3 log r+ 2 log P), (5) 


is 2100©. We proceed similarly for the second component. Our results are summarized 
in Table 8. It is obvious that any moderate bolometric correction (less than a magni- 
tude) places S Doradus far beyond the Magellanic Cloud, which is absurd. 

The computed central temperature in Table 8 refers to the point-source model. Both 
it and the central condensation (£*) refer to both stars and are computed by the well- 
known formulae given by Chandrasekhar.® 


TABLE 8 
THE SYSTEM OF S DORADUS 


PHOTOMETRIC ELEMENTS ABSOLUTE DIMENSIONS 
Min. = JD 2429760+ 14670!-E First component (larger): 
P = 4072 Spectrum: P Cygni 
D = 1130: = 1600* 
Mmx = 8™78 R = 21000* 

= 064 p = 2.10-°© 
Ag = 0™64 Mooi. = —12™7* 
1 ‘central = 1.5-10° 

RELATIVE DIMENSIONS 
i = 90° (adopted) Second component: 

Y - 1.0 Spectrum: P Cygni 
k = 0.9 Te. = 7130° 
L = 0.45 

2 0. 3 R = 19000* 

p = 2.1080 
re Mp0} = —12m5* 
= 9m43 * = <0.3 
= 


* See text, sec. 6. 


It may be noted that the system of VV Cephei has a period of 20 years and a (spectro- 
scopic) eccentricity of 0.2; « Aurigae, with a period of 27 years, has a (spectroscopic) 
eccentricity of 0.3; while S Doradus, with a 40-year period, has an eccentricity of 0.4. 
But the correlation of the periods and eccentricities of visual binaries is somewhat prob- 
lematical, and the progression just mentioned may not be significant, except to show 
that three long-period eclipsing stars have appreciable eccentricities, comparable to 
those of visual binaries of similar period. 

6. Discussion.—The absolute dimensions given in Table 8 are based on the adopted 
values of r, P, and 7, and on the assumed mass-luminosity relation L « y*?. We may 
now use the known modulus of the Large Magellanic Cloud, which is given by Shapley’ 
as 17™1, to estimate the magnitude of the uncertain factors, the temperature, and the 
adopted mass-luminosity relation. The latter is the subject of the greatest uncertainty, 
for it is based on observational material that contains no masses greater than 40 ©. 

If the modulus is taken to be 17™1, the photographic magnitude at maximum 8"8, the 
color index +0"8 (appropriate to a P Cygni star’), a bolometric correction —O0™8 (ap- 


6 M.N., 96, 647, 1936. 7 Star Clusters, p. 189, 1930. 
8 Cf. F. Sherman and W. W. Morgan, A?. J., 89, 513, 1939. 
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propriate’ to a star with an expanding photosphere and a temperature of 7000°), and 
arelative brightness for the two components of 0.55 and 0.45, we obtain for the brighter 
component an absolute bolometric magnitude —9.3. Similar reasoning may be applied 
to the second component. If the resulting absolute bolometric magnitudes are used 
with equation (4), we obtain for the first component a mass of 60© and a radius of 
1400©. Thus, while the stars are obviously large and massive, they are probably under- 
Juminous. It is noteworthy that the Trumpler stars, the only known group of stars with 
such high masses,'® and also of early type, are recognized to be considerably under- 
luminous. 

The star S Doradus is situated in a nebula, and the apparent magnitude may be 
affected slightly thereby. 


I should like to use this opportunity to thank Dr. Shapley for his continued interest in 
the work on this star and for putting some unpublished observations at my disposal. 
Dr. Shapley and Dr. Kopal have kindly read the manuscript and made valuable sugges- 
tions. I am also indebted to Mrs. Margaret Mayall and Mrs. Payne-Gaposchkin for 
their examination of the spectrum plates and to Miss Virginia Brenton for making many 
estimates of brightness. 


9F. L. Whipple and C. Payne-Gaposchkin, Harvard Circ., No. 413, 1936. 
1R. Trumpler, Pub. A.S.P., 37, 249, 1935. 
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ABSTRACT 


Seven lines in the alpha band of atmospheric oxygen in the sun’s spectrum have been photographed 
with the Berkeley solar spectrograph and interferometer, and their profiles have been measured. The 
general consistency of the observational results with one another and with theory indicates that there are 
no serious errors in the measurement of profiles by the interferometric method, after the important instru- 
mental effects have been eliminated. 

The total absorption coefficient of the alpha band was computed by two independent methods, yield- 
ing 8.7104 and 9.4104 sec —! per cm. of normal atmosphere, respectively. The mean molecular di- 
ameter for collisions between O2 molecules, on the one hand, and air molecules, on the other, was esti- 
mated to be 5.151078 cm. 


I. INTRODUCTION 


The profiles of telluric lines have been discussed by Woolley, by Childs, and by 
Allen.''? Both Childs and Allen were able to show from the curve of growth of these lines 
that the profiles must vary in the wings as 1/(v — v9)”. 

Allen has also derived a theory for the central parts of the profile, based on a combina- 
tion of the effects of Doppler broadening and pressure broadening. This theory has never 
been checked experimentally, since high dispersion is required and instrumental errors 
greatly influence the measured profile, owing to the sharpness of the line. 

In this paper Shane’s’ method of deriving profiles of solar lines is applied to a number 
of telluric O» lines, in order both to check Allen’s theoretical profile and to test the re- 
liability of this method of eliminating instrumental errors. 


II. THE OBSERVATIONS 


Lines near the origin of the alpha band of O2 were photographed in the first order of 
the Berkeley 9-meter grating spectrograph (dispersion 1.85 A/mm) by means of an eta- 
lon interferometer in front of the spectrograph slit. Seven of the first eight lines in the 
P branch? were measured. The fifth line (A = 6304, J = 8, for the lower state) was 
omitted, since it is affected by two strong adjacent solar lines. 

The profiles of the lines in the alpha band of O2 are based on sixteen plates, six of which 
were obtained with the 5-mm separators and ten with the 10-mm separators. The meth- 
od of measurement of the plates and the conversion of galvanometer readings into in- 
tensities, as well as the application of instrumental corrections, have been discussed by 
Shane’ and will not be repeated here. The instrumental corrections for this spectral 
region had to be determined before the investigation was started. 


1 Childs (A p. J., 77, 212, 1933) computes the wings of the profiles and checks the square-root part of 
the curve of growth. Woolley’s earlier results in this respect (Ap. J., 73, 185, 1931) were shown to be 
based on faulty observations. 

2 Profiles were computed by Allen (A p. J., 85, 156, 1937) and checked with the experimental curve of 
growth. Total absorptions of the various bands were also found from it. 


3 Lick Obs. Bull., 16, 76, 1933. 


4 There is some confusion concerning the notation of the branches of these bands. The notation used 
here is that of Mulliken (Phys. Rev., 37, 1711, 1931), who first interpreted the band structure correctly. 
For other notations see the summary in Jevons, Report on Band Spectra, London, 1932. References to 
earlier papers concerning structure of the atmospheric O2 bands are also found there. 
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The results for the mean values of the profiles, as determined from photographs with 
the two different separators, are given in Table 1. They are reduced to a common zenith 
distance (cos z = 0.700). 

In general, the intensities at |v — vo| < 0.01 and |y — vo| > 0.13 are not so re- 
liable as the remainder of the profile. Otherwise the internal agreement among the 5-mm 
spectrograms is excellent but among the 10-mm exposures only fair. As is seen from 
Table 1, the mean intensities are somewhat smaller in the case of the 5-mm exposures 


TABLE 1 
OBSERVED PROFILES Iv) 
(cos s =0.700) 


d 6287 | d 6290 d 6293 d 6296 | A 6299 d 6307 A 6313 
(In Cm) | | 

10Mm 5Mm 10Mm 5Mm 10Mm 5Mm 10Mm|5Mm 10Mm/5 Mm 10Mm) 5 Mm 10Mm 5Mm 

0.00.. 0.558 0.592) 0.435 0.388 0.357 0.311 0.337| 0.285) 0.352) 0.267) 0.440) 0.425) 0.525 0.535 
O1.. 608 619} 456 405 372 343 .316,  .377| .460 .546) 0.565 
02.. 698  .697) 528 510, 426 429) 405 .370|  .544 544 .651 0.628 
758 770) 606 521 517 .518)  .497 .570| .462 .631) .732, 0.700 
04... 803.828 686 694 607 606.615) .597| .657| .545) .716| .707) .782) 0.760 
05 842 869) 749 746 684 681 692) .656 716} .630| .771 .770; .823) 0.809 
06 875 895 797 807 745 742 754) .761) .716) .815 .858 0.850 
075. 915 923 853 853 813 812 816) . 789} .812) .806) .859| .860 .808 0.898 
10 953 955) .908 915 884 886 885) .869) 873; .870}| .909| .914) .939) 0.948 
0.15. ; 0.983 0.985) 0.963 0.973 0.968 0.953 0.949) 0 943) 0.949) 0.930) 0.966) 0.972, 0.979) 1.000 

| | 


| 


than for the 10 mm exposures. If this discrepancy is real, it indicates an underestimate 
of the scattered light rather than of the instrumental profile. 


III. INTERPRETATION OF THE OBSERVATIONS 
In this section, the following notation is used: 


Weight X transition probability; 


~ 


E = Excitation potential of lower level; 

I(v) = True intensity distribution in the line, cos s = 0.700; 

C(v) = Line absorption coefficient, s = 0; 

c(v) = Line-absorption coefficient of a line of i = 1, E = 0; 

A(v) = Line absorption coefficient of a line broadened by collisions only, integrated 
through the atmosphere; 

D(v) = Line-absorption coefficient of a line broadened by Doppler effect only. 


The reduction of the observations, summarized in Table 1, was as follows: Means were 
taken of the means from 5-mm and 10-mm exposures, in order to derive the final in- 
tensity profiles of /(v). These were then reduced to absorption coefficients at zero 
zenith distance by application of the absorption-tube formula: 


(1) 
The results for the C(v) thus obtained are given in Table 2. 
Assuming that all C(v) profiles are similar, only transition probabilities, weights, and 
Boltzmann factors differ from line to line. In that case we may write 


C(v) = (2) 
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where c(v) denotes an absorption coefficient, constant from line to line but varying 
within a line. It may also be defined as the absorption coefficient of a line of unit weight 
and zero excitation potential. 

The wave lengths of the lines and the excitation potentials were determined by Dieke 
and Babcock® and others. The i-factors were found experimentally by Childs and 
Mecke,’ and theoretically by Schlapp.* The observed and theoretical i-factors agree in 
the case of the lines measured but differ in the case of the other branches of the band. 

We may determine a kind of mean temperature for the earth’s atmosphere by using 
equation (2). If we plot log C(v)/i against E, the slope will be —1/k7. In this case a 
least-squares solution, made from points at different distances from the center of the 


TABLE 2 
PROFILE OF ABSORPTION COEFFICIENT C(v) 
3=0) 

6287 d 6290 6293 d 6296 | » 6307 d 6311 
(In Cm | 

ae 0.380 0.635 0.786 0.818 0.856 | 0.586 0.445 
341 604 734 765 541 413 
253 464 590 613 643 426 314 
187 345 459 475 489 | 316 234 
“139 351 354 379 | 182 
106 205 268 276 294 | 183 142 
083 153 208 216 218 | .146 101 
058 146 153 149 106 076 
033 066 089 092 097 065 O41 
0.013 0.021 0.029 0.039 0.046 0.022 | 0.007 


line, gives T = 265° K. This is the temperature that an isothermal atmosphere should 
have in order to produce the observed intensity distribution of the lines within the 
alpha band. This may be compared with the value of the mean temperature with respect 
to mass of 255° K. 

If the absorption-coefficient profiles C(v) are divided by ie~“/*", using T = 265° K, 
the c(v) profiles are obtained (Table 3). These should be the same for all lines. The last 
column in Table 3 gives the mean of the first seven columns. The values given here 
represent the best possibie determination of the absorption coefficient for a line of i=1, 
E = 0, from the present observations. 

In the theory of the profiles of the telluric Oz lines natural damping may be neglected, 
since these bands represent forbidden transitions, as shown both from an analysis of the 
spectra and from the observed lines of the states concerned. Also the lower states are 
sharp, because they belong to the ground state of O2 and interrotational transitions are 
forbidden. 

Probably the profiles of lines in telluric bands are the result of the combined action 
of Doppler effect and collision damping. Then we may write 


+00 

 A(n) D(n-») dn, (3) 

5 Proc. Nat. Acad., 13, 670, 1927. 

6 See Jevons, oc. cit. 

7Zs.f. Phys., 68, 344, 1931. 5 Phys. Rev., 51, 342, 1937. 
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where is an integration variable of frequency units. This expression may be solved for 
A(v) by successive approximations. T = 265° K was used in the Doppler profile. The 
resultant A(v) may be compared with the theoretical profile of the mass-absorption co- 
efficient for collision broadening. This is given by 


1.35ac? n 


according to Dennison.° 
In this equation, o represents a mean diameter for the collisions, 2 denotes the number 


+00 
of molecules per cubic centimeter (air, in the present case), and a is f a(v) dv. In 


0 
order to obtain coefficients per centimeter, a(v) has to be multiplied by the number of O, 
atoms per cubic centimeter. This number is proportional to ”. Finally, for comparison | 


TABLE 3 


PROFILE OF ABSORPTION COEFFICIENT C(v) DIVIDED BY 


| | | | 
deca %6287 | 26290 | 26293 | 26296 | 26299 6307 | 6311 Mean 

(In Cm~*) | 
0.00... 0.386 | 0.349 | 0.330 | 0.316 | 0.344 | 0.342 | 0.347 | 0.345 
.332 |  .308 296 325 317 332 
255 248 | .236 .249 .252 .251 
190 193 |  .183 197 .188 .189 
142 1470} 156 139 144 
113 | .107 | 114 111 
084 | .083 088 086 089 
075... 059 ‘061 | ‘oot | 059 060 062 061 060 
10. 033 036 | .037 | 039 038 036 
ee | 0.012 | 0.012 | 0.015 | 0.018 | 0.013 | 0.005 | 0.013 

| 


with the observed collision profile, the formula has to be integrated through the at- 
mosphere. We may thus write 


(5) 
A (v) Af 


where A contains only quantities invariant with height. T varies less than x, and its 
variation is sometimes entirely neglected. 

Apparently, equation (5) goes to infinity at v = vo, independently of the law of 
density chosen. The singularity disappears only after integration over the Doppler 
profile. 

Allen used an exponential density law that fits directly observed densities rather well 
up to a height of 10 km. Beyond 10 km the observed densities'® decrease more rapidly 


® Phys. Rev., 31, 503, 1928. 
0 Humphreys, Physics of the Air, New York, 1929. The observed density distribution referred to in 
the text is Table 74 in this book. The ‘ ‘observed” temperatures are those of p. 56, Fig. 18. 
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with elevation than would be indicated by the exponential law describing the decrease 
in lower layers. Integrating equation (5), Allen obtained 


A (v) = Blog (6) 


(v 


where B and a are quantities depending on ground values of density, temperature, etc. 
The quantity B is also a function of o. Allen determined his o by fitting observed and 
computed curves of growth. He found o = 4.2 X 10-% cm, substituted it into equation 
(6), and integrated it over a Doppler profile with T = 270° K. The profile thus ob- 
tained is analogous to our c(v — vo) profile. The corresponding intensities, /(v) = 
e-°’—), are entered in our figure as open circles. The quantity B in equation (6) was 
chosen so as to yield the best fit with the observed profile (continuous curve in Fig. 1). 
Some disagreement is apparent. 


1,000 

900 

.800 
A— MEAN OBSERVED CONTOUR 
Be ee COMPUTED CONTOUR (C= 5.18 x 10%) 
Ccoc ALLEN'S CONTOUR (c= 4.2 x 10%) 
D + LOWER LIMIT TO B IN THE CENTER 

p+° 


OF O02 03 04 05 06 OF O8 


Fic. 1.—Profile of average line of a-band of atmospheric oxygen 


It was clear from the comparison of results from spectrograms made with the 5-mm 
and the 10-mm separators that the width of the instrumental profile was probably not 
underestimated. Therefore, the discrepancy is not likely to be due to instrumental 
influences. 

It is possible to obtain a fair agreement between equation (6) and the observations by 
using ¢ = 5.2 X 10-° cm. Even so, the absorption coefficient in the center of the line 
comes out too high (too low intensities in Fig. 1). 

Therefore, it was decided to integrate equation (5) numerically through the known 
portion of the atmosphere and to make use of the observed densities and temperatures,"° 
instead of employing an exponential approximation. This numerical integration was 
carried out for several values of vy — vo/o*, and o was determined in such a way as to 
yield the best agreement between observed and computed 4A (vy). 

Again, the computed A (vy) goes to infinity at »y = vo. But now the computed A(v) is 
no longer an analytic function but is given in tabular form. Hence numerical integration 
over the Doppler profile seems difficult. 

As an approximation, the central value of A(v) was assumed fairly high but finite. 
The c(v) profile obtained from the approximate A(v), by integration over the Doppler 
profile, was transformed into an intensity distribution by /(v) = e-*”. The /(v) are 
given as full dots in Figure 1. The center of the dotted curve, of course, does not cor- 
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respond to the true central intensity, since a finite value was used here in the A (v) pro- 
file. The singularity in the actual A(v) profile is extremely sharp—sharper, in fact, than 
that in Allen’s formula (6). Hence, if we used the numerically integrated value of A (v) 
outside of (v — vo) = 0.0025 and Allen’s formula within that region, the resultant c(v) 
profile would inclose slightly too large an area. 

The central intensity computed in this manner would therefore be a lower limit to the 
true central intensity. The plus sign (+) in Figure 1 was computed in this fashion. The 
true computed value of the central intensity should lie between the plus mark and the 
dotted curve. The singularity will, of course, affect the other part of the profile also, but 
to a smaller degree. Hence the fit may be regarded as satisfactory. 

On comparing equations (4) and (5) it is seen that the total absorption coefficient a 
for a line of unit 7 and zero E may be found from the observed A(v). The result is 


TABLE 4 
ae Mean of First | Mean of Last | _ Mean of First | Mean of Last 
al pe 1) Five Lines of | Two Lines of | ad ce fon j Five Lines of | Two Lines of 
Table 3 Table || Table 3 Table 3 


1.44 X 10° cm sec. Also, a may be found directly by integration of the c(v) profile 
over all v, assuming that the absorption coefficient varies as 1/(v — vo)? for |» — vo| > 
0.15 cm~!. The result is 1.34 X 10% cm™ 

The total absorption coefficient for the whole band may be found by multiplying the 
above by Lie~“/*”, summed over all branches of the band. The results are a = 9.4 and 
8.7 X 104 cm™ respectively, as compared to Allen’s value 7.8 X 104 cm™ sec™!. 

It has been taken for granted that all lines have similar profiles, both when the mean 
of the observed c(v) was found and when equation (5) was computed. Actually, this is 
not quite correct. Because of the Boltzmann factor, lines of low excitation potential are 
less sensitive to temperature than lines of high excitation potential. The wings of lines 
originate in lower parts of the atmosphere than the centers. One would expect, there- 
fore, that lines of low excitation potential would have steeper profiles than those of high 
E. In other words, the Boltzmann factors should cut down the central absorption co- 
efficient of lines, the initial states of which have high energy. 

Table 4 serves to show that, if such an effect should exist, it must be smaller than the 
errors of observation. The first column gives the means of the observed c(v) of the first 
five lines ( = 3, 17, 43, 80, 129 cm~!). In the second column means of the last two 
lines are tabulated (£ = 261, 345 cm~'). The difference between the columns is inap- 


preciable. 


I am glad to express here my sincere gratitude to Dr. C. D. Shane for instruction and 
advice during most of this investigation and to Dr. F. A. Jenkins for invaluable as- 
sistance in certain spectroscopic matters. Thanks are due also to Messrs. Nagtegaal 
and Salanave, students of the Astronomy Department at Berkeley, for help in some 


details. 
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THE VARIABLE PROPER MOTION OF THE STAR CINCINNATI 1244 
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ABSTRACT 
Photographic observations of Cincinnati 1244 at the Leander McCormick Observatory indicate the 
presence of a second body. The material consists of 109 plates taken in the years 1915-1917, 1923-1925, 
1930, 1935-1936, and 1939-1942. An analysis of the perturbations in right ascension and declination, 
with a period of 26.5 years, gives a value of 0.54 astronomical units for the semimajor axis of the orbit of 
Cin 1244 about the center of mass. The mass of the “dark” companion amounts to about 0.03 ©, 


Cincinnati 1244 (a = 10"14™2, 6 = +20°22’, 1900.0) is one of the relatively small 
number of dwarf M stars featuring emission lines. It is of apparent photovisual magni- 
tude 9.5, of proper motion 0749, and has a parallax of 0720. The spectrum has been vari- 
ously classified as M4e', M3+-,? M4, and M5.‘4 Because of its proximity, the star has 
been included in a systematic study at the McCormick Observatory of the motions of all 
observable stars within a range of 10 parsecs. However, it was given special attention, 
along with the other dMe stars, upon Vyssotsky’s noting the large proportion of close 
binaries among the Me dwarfs,’ coincident with his finding emission lines in the spectrum 
of Ross 614. The latter constitutes the first star for which a companion was found 
through a photographic study of the proper motion.® It is noted that such investigations 
on near-by dwarf stars are likely to yield, if at all, companions of small mass, as is shown 
by the mass of less than 0.1 © for Ross 614B.7 Hence they prove to be of considerable 
interest, even if the spectra do not exhibit emission features. 

The preliminary investigation of Cin 1244 was completed early in 1941 and resulted 
in the finding of the variability of its motion.’ Strongly supporting evidence for the star’s 
duplicity was furnished by Swings and Struve,’ who noted striking similarity in line emis- 
sion in the otherwise different spectra of Cin 1244 and Castor C, the latter a well-known 
eclipsing binary. 

The present discussion, including all the material up to date, shows that the additional 
observations have greatly increased the weight of the original material and have left the 
preliminary results essentially the same. The material consists of 109 plates, with a 
total of 204 exposures, taken with the 26-inch refractor between the years 1915 and 1942, 
as listed in Table 1. The plates were measured on a Gaertner machine in the usual direct 
and reversed positions and were reduced by the familiar method of dependences, a refer- 
ence system of three stars having been used. The resulting solutions were then freed of 
the effects of parallax and proper motion through the subtraction of the quantities 


+ bps, Cores 


1 Adams, Joy, Humason, and Brayton, Ap. J., 81, 187, 1935. 


2 Morgan, Ap. J., 87, 589, 1938. § Reuyl, A.J., 45, 133, 1936. 
3 Kuiper, Ap. J., 87, 592, 1938. 7 Reuyl, Pub. A.A.S., 10, 143, 1941. 
4 Kuiper, 4p. J., 95, 201, 1942. 8 Pub. A.A.S., 10, 186, 1942. 
5 Harvard Announcement Card, No. 550, 1940. 9 Pub. A.S.P., 53, 244, 1941. 
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in which c, and cy are arbitrary constants and = +0%201, uz = —0%4863, and py = 
—()”0242, the value of the parallax having been obtained from three McCormick series 
of plates and the values of the motion derived from a comparison of the early and recent 
plates in the material. The resulting plate values were then combined into the yearly 


means X and Y, given in Table 1. The probable errors given are the quantities €,, y/ Vp , 
where e, and ¢, are the probable errors for a plate of unit weight in X and Y, respectively, 


TABLE 1 
RESIDUAL DISPLACEMENTS IN RIGHT ASCENSION (X) AND DECLINATION (¥) 


Epoch | Plates 4 Xe AX Y Ye AY 
9 —0’017+0"013 | +0”7008 | —0”025 | —0”7015+0"012 | —07006 | —0*%009 
1916.14...... 11 + 050 + .040; + .010| — .017  .O11 | — .029] + .012 
1017,14.....<<| 10 + .056 013 | + .056 000 | — .039 .012 | — .040} + .001 
a: | 6 + .027 016 | + .032 | — .005 | — .017 015 | — .019 | + .002 
1924.11 ier + .025 013 | + .024|} + .001 | — .012 .012 | — .013 | + .001 
fs AS... ....| + .019 017 | + .013 | + .006 | — .002 .016 | — .004 |} + .002 
940-0). 1 — .064 .038 | — .040} — .024} + .021 .035 | + .034} — .013 
— .068 .014 | — .078 + .010 | + .081 | + .061 | + .020 
ek 4 — 066 .019|} — .081] + .015| + .044 .018 | + .063 | — .019 
1939.26 | § — .068 018 | — .069 | + .001] + .079 .017 | + .052 | + .027 
1940.08... 4 — .033 019 | — .050| + .017 |} + .087 .018 | + .037 | + .050 
1941.20... 13 + .002 O11 | — .012} + .014] — .023 .010 | + .009 | — .032 
1942.11 25 | —0.006+0.008 +0.026 | —0.032 +0.015+0.007 | —0.018 | +0.033 


Fic. 1.—Residual displacements in right ascension and declination 


and p is the weight of a normal point. The errors e, and ¢, were derived from all the dif- 
ferences between the plate values and their respective yearly means and were found to be 
+0”038 and +0"035 in X and Y, respectively. It is seen at once from the table, as also 
from Figure 1, that the residual quantities X and Y are not distributed at random with 
respect to time. The length of the period of the perturbation is obviously dependent upon 
the manner of derivation of the proper motion. It is easily ascertained, through different 
assumptions regarding the motion of the center of mass, that the true period may possi- 
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bly be longer than the present value—a value which, however, is the best approximation 
obtainable from the available material. 

For the derivation of the elements of the orbit of Cin 1244 about the center of mass, 
the method used by Peters" in his classical discussion of the motion in right ascension of 
Sirius was followed. This method, applied also to the measures in declination in the 
present case, includes a partly graphical analysis by trial and error of the curves in X and 
Y’. It is ideally suited to cases where the length of the period has not been definitely es- 
tablished, thus making a rigorous treatment unnecessary. The observed points are rep- 


resented by the expressions 
4, Y= Cz yt G,,,cosE+ b,,,sinE, 


where E is the eccentric anomaly and a and 6 are functions of the orbital elements, with 
the exception of the period and the time of periastron passage, and are related closely to 
the familiar Thiele-Innes constants. In each co-ordinate a curve is drawn empirically to 
fit the observed points. From the curve are then read the values of the maximum and 
the minimum and their corresponding times, and also the times at which the curve 
crosses the zero line. From these readings the values for e and 7 and the quantities c, 
a, and b are easily derived. Small adjustments may be necessary, so that after successive 
approximations identical values of P, e, and T will be obtained for both X and Y, while 
simultaneously the fit between curve and observed points should remain as close as pos- 
sible. In the present case the final curves, resulting from the third trial and considered 
entirely satisfactory for the purpose, are defined as follows: 


P = 265, 

e = 0.60, 

T = 1915.0, 
c, = —0"010, cy = +07010, 
a, = +07010, a, = —0"010, 
b, = +07071, by = —0"052, 


For each epoch the computed points on the curves, X, and Y,, are given in Table 1, as 
also the differences AX and AY between the observed and computed values. 

From the quantities az, b., dy, and by, the remaining orbital elements may now be cal- 
culated. Of these, only the semimajor axis, a’, is of interest, and it is found to be 


a’ = 07110 = 0.54 astronomical unit, 


the value of the absolute parallax being 07204. 

In order to evaluate the mass of the companion, it is necessary to assume a value for 
the mass of Cin 1244. In view of the divergence of the spectral classifications, it appears 
advisable to use the empirical relation between the masses and photovisual absolute 
magnitudes of late M dwarfs. For a value of M,,, equal to 11.0, we arrive at a mass of 
0.35 © for Cin 1244. With a period of 26.5 years, by Kepler’s third law through succes- 
sive approximations, we find for the semimajor axis of the orbit of the binary system: 


= 6.44 astronomical units, 


10 4.N., 32, 1, 1851. 
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and a mass ratio of 


M, 
= (),084 
and hence 
M,=0.0320. 


The present discussion and the resulting value of the mass ratio have been based upon 
the assumptions that (1) the length of the period is about 26 years and (2) the companion 
does not contribute any appreciable light to the formation of the image. 

Regarding the first assumption, it has been stated before that the length of the period 
may possibly have to be increased because of a change in the motion necessitated by fur- 
ther observations. With this larger period, however, the amplitude will be seen to in- 
crease also. Consequently, the relations between the masses, and hence the conclusion 
that the companion is of very small mass, will remain essentially unchanged. As to the 
possibility of a very much shorter period, this is not excluded but cannot be ascertained 
from the present material. 

Concerning the possible blending of the images of the two stars, resulting in the meas- 
urement of the center of light, it would seem that, with a semimajor axis of 173, this 
would have shown as an elongation in some of the exposures. Under good conditions and 
for nearly equal components, a distance of 06 is easily observable on the McCormick 
photographs as an elongated image. A distance of 073 can still be detected, as was shown 
in the case of Wolf 424."' It is possible to assume different values for the magnitude dif- 
ference and derive the corresponding distances between the position of the center of light 
and the brighter star. However, it is readily seen that the assumption of a difference of, 
say, Am = 0.5 involves an increase in the total mass and therefore also in the value of a, 
thus making the detection of an elongation correspondingly easier. 

Summarizing, it appears to be unlikely that the companion contributes to the forma- 
tion of the photographic image of Cin 1244. From the material available at the present 
time, and assuming a value of 0.35 © for the mass of Cin 1244, it is concluded that the 
“dark” companion has a mass of 0.03 ©. 


I wish to express my sincere appreciation to Professor Henry Norris Russell for his 
interest shown in the preliminary discussion. 


1 Reuyl, Pub. A.S.P., 53, 336, 1941; 54, 52, 1942. 
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RESOLUTION OF THE TELLURIC BANDS w AND a, 


ARTHUR ADEL! 


Lowell Observatory 
Received December 24, 1942 


ABSTRACT 


The carbon dioxide bands w; and w2, which appear in the solar spectrum at 20,061 A and 20,568 A, re- 
spectively, have been resolved into their rotational structures. 


When the solar spectrum is examined with low dispersion, as, for example, with a 
small glass prism, there appear at 2.01 uw and 2.05 uv the two small absorptions w and a», 
These belong to the carbon dioxide system of bands, and they are, in fact, two members 
of the group of three bands which arise in transition from the ground state to the levels? 


vy t+] 


The third member of this set of bands, which we may call wo, has, like the two others, 
been observed in the laboratory.’ Unlike the other two, however, wo does not appear in 
the usual solar spectrum, since it falls into the broad region of absorption occupied by 
the strong water-vapor band {2 (1.9 uw). Prismatic solar spectra recorded on the driest 
days at the observatory clearly indicate the presence of wo. 

Although w; and w: appear as single notches in the low-dispersion solar spectrum, each 
is, in reality, composed of numerous lines due to transitions between the rotational levels 
of the molecule. Alternate lines are completely forbidden by the selection rules, and the 
resolution of the bands is thereby greatly facilitated.‘ The actual spacing of the band 
lines is thus about 1.5 cm~, or about 6 A at 20,000 A. 

A grating ruled with 600 lines per millimeter was generously loaned by the Mount 
Wilson Observatory, and the resolution of the bands a and w. was achieved early in 
January, 1942. An original recorded observation of w is reproduced in Figure 1, while 
simpler envelope tracings of such originals of both w and w. appear in Figures 2 and 3. 
Intensity of the solar spectrum is plotted downward. The well-known doublet structures 
of the bands are apparent. 

The grating, particularly suitable for the experiment because of its strong fourth- 
order green spectrum, was calibrated by observation of the A band of oxygen, and the 
spectrometer constant was found to be 32,346.4 A. The wave lengths of the band lines 
and band centers were accordingly given by the formula 


A = 32,346.4 sin 3, 


where # is the angle between the normal to the grating and the bisector of the angle 
formed by the incident and diffracted beams. The angle @ is indicated by the abscissa in 
Figures 1, 2, and 3. 

! At present on leave in the department of physics, University of Michigan. 

2 A. Adel and C. O. Lampland, Ap. J., 87, 198, 1938. 

3. F. Barker and Ta-You Wu, Phys. Rev., 45, 1, 1934. 

4T). M. Dennison, Rev. Mod. Phys., 12, 175, 1940. 
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192 ARTHUR ADEL 


The observed wave lengths of the lines and band centers in w; and w are given in Ta- 
bles 1 and 2, respectively. It may readily be shown that the line positions are well corre- 
lated by the formulae 


(4984.9 + 0.745 NV — 0.0045 N2) cm, 
= (4861.8 + 0.782 N — 0.0021 N2) cm, 


We: 


where JN, the ordinal number of the line, takes the values 2, 4, 6, 8, 10,...., for the 
negative branch and the values 1, 3, 5, 7, 9, 11,...., for the positive branch.° 

The adequacy of these formulae to represent the bands may best be judged from the 
comparison, provided in Tables 1 and 2, of the observed wave lengths with those com- 


A 


19996 / 


2006/A 


Fic. 2.—a; in the solar spectrum, Flagstaff, Arizona, 1:20 p.m., M.S.T., January 15, 1942. Trace 
made from original. 


+ Ge 

N 


20568 A 


Fic. 3.—w: in the solar spectrum, Flagstaff, Arizona, 10:17 a.m., M.S.T., January 15, 1942. Trace 
made from original. 


puted from the formulae. The lines in the positive branch of w; are seriously affected by 
additional atmospheric absorptions. In consequence, neither their observed nor their 
computed positions are given at this time.® 

From the data presented in this paper one may deduce the average temperature of the 


5 A given value of NV for the negative branch is also the value of the corresponding rotational quantum 
number of the ground level involved in the transition, while V for the positive branch is synonymous with 
the rotational quantum number of the upper or excited level. 


6 There has also been omitted a listing and discussion of a number of lines of w mapped during the 
course of the experiment, because the principal features of w in the solar spectrum are largely obscured 
by the overlying heavy absorption by water vapor. The mapping of the lines in wy and those in the posi- 
tive branch of a will eventually be completed in the laboratory. A discussion of the formulae of line 
positions may be postponed with profit until such time. 
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. Ta- carbon dioxide mass above Flagstaff on the day of the observations.’ The measurements 
orre- for Figures 2 and 3 were taken near noon on January 15, 1942. It appears that the aver- 
age temperature of the carbon dioxide was at that time in the neighborhood of — 18° C. 
TABLE 1 
THE BAND AT 20,060.6 A, wi 
the NEGATIVE BRANCH 
‘om- : Obs. Obs. Comp. Obs. Obs. Comp. 
4983.4 4983.4 20136.6 4966.1 4966.3 
4982.1 4981.8 20142 .8 4964 .6 4964.4 
4980.4 4980 .2 20150.8 4962 .6 4962.5 
4978.9 4978 .6 20158 .3 4960.7 4960.5 
4977.1 4977.0 20167 .0 4958 .6 4958 .5 
| 4968 .2 4968 .2 | 20211.7 4947 .6 4947 .9 
TABLE 2 
. THE BAND AT 20,568.4 A, we 
race Positive BRANCH NEGATIVE BRANCH 
. Obs. Obs. Comp. ; Obs. Obs. Comp. 
| 20564 .9 4862.7 4862 .6 20575 .2 4860.2 4860.2 
4864.3 4864.1 20581 .7 4858.7 4858 .7 
20552 .3 4865 .6 4865 .6 20588 .8 4857.0 4857.0 
..| 20545.8 4867 .2 4867 .2 20594 4855.7 4855.4 
20539 .0 4868 .8 20602 .7 4853.7 4853.8 
20527 .7 4871.5 20616 .3 4850.5 4850.5 
20520.9 4873.1 20624 .4 4848 .6 4848 .8 
\ | 20514.7 4874.6 20631 .5 4847 .0 4847.0 
20509 .6 4875.8 20638 . 3 4845 .2 4845 .3 
20503 .7 4877.2 20646. 1 4843.5 4843.6 
ace a | 20497.6 | 4878.6 | 4878.7 | 24.......... 20653.2 | 4841.9 | 4841.8 
20485 .9 4881.4 20668 .7 4838 .2 4838 .3 
™ 20481. 1 4882 20675 .2 4836.7 4836.5 
....| 20469.8 4885 .2 20691 .3 4832.9 4832.8 
20464 3 4886.6 4886:6. | 20699 .1 4831.1 4830.9 
he 20459 .7 4887.7 20708 .8 4828 .9 4829.1 
20453 .0 | 20715 .9 4827.2 4827.2 
im ....| 20446.8 4890 .7 20724 .3 4825.3 4825.3 
th 20733 .0 4823.2 4823.3 
he . . . 
ed The courtesy of the Mount Wilson Observatory in providing the Lowell Observator 
‘tesy yinp g y 
“a with a grating for this work is gratefully acknowledged. 


7 See, e.g., the author’s note on the temperature of Venus, 4p. J., 86, 337, 1937. 
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SPECTROGRAPHIC OBSERVATIONS OF PECULIAR STARS. V* 


P. SWINGS AND O. STRUVE 


McDonald and Yerkes Observatories 
Received December 28, 1942 


ABSTRACT 


I. Z Andromedae displayed strong [Fe vii] lines in July and November, 1942. A table is given, de- 
scribing the spectrum of this star in three successive years. Attention is called to several bright lines 
recently found in CI Cygni. A description is given of the line emission in RS Ophiuchi; this became quite 
conspicuous in 1942. On July 19, 1942, the red coronal line was found in RS Oph; the green coronal line 
was absent at that time. New data on the emission lines of Fe1, Fe 1, [Feu], [Fe 1], and [Fe v] in 


peculiar stars are provided. 

II. Four stars with absorption shells are described in detail: HD 195407 = MWC 346 has strong 
shell lines of H, He 1 3965, and Het triplets (2°P°—n*D). HD 172694 = MWC 303 shows only a strong 
and sharp shell line of He 1 3889, while the other observable He 1 lines are broad. HD 155851 = MWC 
253 shows a somewhat weaker shell line of He 1 3889. HD 187399 = MWC 321 shows a set of strong 
sharp Balmer lines displaced to the violet of the centers of the broad H wings. All four stars belong to 


the main sequence. 

III. This section contains descriptions of the spectra of 83 Be stars from the catalogue of Merrill and 
Burwell. The bright lines of several stars have changed since Merrill’s last published descriptions. At- 
tention is called especially to MWC 23, which has a strong shell spectrum of 7, and to MWC 342, which 
has strong emission lines of H, Fe 11, |Fe 11], and shows structure in the lines of 7. 

IV. The fluorescence and recombination mechanisms of line emission in shells are related to the gen- 
eral characteristics of the shell spectra. Emphasis is placed on the effects of ejection, axial rotation, and 
turbulence. The spectacular “‘nitrogen flaring stages’’ of novae are discussed, and the associated spectro- 
scopic phenomena are interpreted. 


I. NEW OBSERVATIONAL DATA ON PECULIAR BRIGHT-LINE STARS 
Z ANDROMEDAE 


Our observations of Z And in July and November, 1942, show strong forbidden lines 
of [Fe vu in the nebular part of the spectrum. This is the first time in the history of Z And 
that such an observation of [Fe vit] is recorded; it renders the analogy of Z And and AX 
Persei still more striking, since both stars combine a late-type spectrum and a nebulosity 
of variable excitation, reaching sometimes the [Fe vm] state. Forbidden [Fe v] is also 
present in Z And, although it is less conspicuous than [Fe vi]. On our recent spectro- 
grams there are hardly any absorption lines, except for the late-type features in the 
visual region. Compared with the previously observed stages, the high-excitation lines 
have gained in intensity relative to the neutral or singly ionized metals. But Z And has 
not quite reached the stage of high [Fe vu] intensity displayed by CI Cygni and some- 
times by AX Persei. Plate XX shows the ultraviolet spectrum of Z And on August 6, 
1941, and on July 15, 1942. 

In our last report on Z And! we mentioned that from August, 1941, to January, 1942, 
the [Ve v] lines had increased considerably in intensity, so that the January, 1942, ap- 
pearance—six months after the minor outburst of 1941—was similar to the appearance 
in August, 1940, approximately nine months after the major outburst of 1939. The 
evolution toward high excitation has thus continued from January to July, 1942. Our 
spectrogram of November 23 reveals a slightly lower excitation than in July, 1942; it is 
probable that a peak in excitation was reached during the summer of 1942. 

Since Z And is a remarkable representative of a variable peculiar spectrum, combining 
bright lines of low and high excitation, it is useful to compile the lines observed at several 


* Contributions from the McDonald Observatory, University of Texas, No. 64. 


1Ap. J., 96, 257, 1942. 
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typical stages (Table 1). Such a compilation will be of value in future discussions of 
peculiar stars. The spectrum of the summer of 1939 was excluded because of its char- 
acter of a slow nova in the early stages. 

It is our plan to prepare compilations similar to Table 1 for a few typical representa- 
tives of peculiar stars, covering excitations higher (AX Per, CI Cyg, etc.) or lower (T 
C Br, RS Oph, etc.) than Z And or revealing certain forbidden lines more conspicuously 
(e.g., [Fe 11] and [Fe 111] have always been rather weak in Z And). 

Among a number of more or less striking changes, Table 1 shows strong variations in 
the relative intensities of the triplets and singlets of Het (e.g., 4471/4388, 4026/4009, 
4026/4144). This means that the relative contributions of the recombination and 
fluorescence mechanisms have varied in the course of the evolution of Z And. 


CI CYGNI 

The spectrograms obtained in July, 1942, cover the region from A 3100 to Ha (PI. 
XXI). On the short wave-length end (A < 3500 A), the spectrum is similar to that of the 
high-excitation nebula IC 2165,” but a few additional faint lines appear in CI Cygni. Be- 
cause of the importance of the few, still unidentified emissions in such stars as AX Per 
or CI Cyg (especially in relation to additional identifications of the still incompletely 
known spectra of [Fe Iv, v, v1, vi] and other metals and also in relation to the novae), 
attention is called here to the following lines of CI Cygni: AA 3382.0 (int. 1-2), 3428.5 
(int. 3), 3386.5 (int. 0-1), 3411.9 (int. 1-2), 3736.7 (int. 3), 3754.8 (int. 4), and 3910.0 
(int. 1). Other features concerning Fe I and Fe 11 will be discussed in another section. 

a) AX 3382.0 (int. 1-2) and \ 3428.5 (int. 3).—These lines coincide with two predicted 
11] transitions of the multiplet: 33—33, Aprea 3381.9, and 23—33, Aprea 
3429.2 (exc. pot. atF3,: 0.30 v.; a4Fox: 0.35 v.; b?F 34: 3.95 v.). In the line \ 3382.0, Cr 
can be only a very minor contributor. In \ 3428.5 the predicted °D,—’S; transition of 
|Fe 111] (Aprea 3428.8) cannot contribute appreciably, since it is absent in the star BF 
Cygni, in which [Fe 11] is very strong. The forbidden transition *D4—*Gz; of [Fe v] is 
predicted at \ 3430.3; but the observed line cannot be due to [Fe v], since it is stronger in 
CI Cyg than in AX Per, contrary to the well-identified [Fe v] lines at AX 3895.4, 3891.4, 
and 3839.3. The usual [Fe 11] lines are fairly strong in the blue-violet region; hence, the 
identification of the new a‘F —b?F multiplet appears plausible. In high-excitation ob- 
jects \ 3428.5 requires a fairly high resolving-power in order to be clearly separated from 
the usually strong [Ne v] line 3425.8. The fact that the two new hypothetical [Fe 11] 
lines were not observed in the course of our previous work on the ultraviolet spectrum of 
the two [Fe 11] stars, WY Geminorum and B 1985, may be due to instrumental condi- 
tions. It is our plan to reinvestigate the spectra of these two stars in the region AA 3382- 
3428. Pending their confirmation, these [Fe 11] identifications should be considered as 
provisional. 

b) X 3386.5 (int. 1) and X 3376 (int. O-1).—The forbidden [Fe 11] line a*F 4.,—b*De:, is 
predicted at \ 3387.1; but, according to our observations in WY Gem and B 1985, we 
should then expect the 45 — 3} transition at \ 3376.2 to be stronger,’ whereas the present 
stellar line, \ 3376, is weaker than \ 3387. The higher intensity of \ 3387 may be due to 
a blend with two permitted Fe 11 lines: \ 3386.45 (lab. int. 1) and \ 3386.72 (lab. int. 2). 
The first Fe 1 line is classified and corresponds to fairly high levels (3.93-7.57 v.), hence, 
its influence should be minor; the second Fe 1 line is not classified. The attribution of 
\ 3386.5 and X 3376 to [Fe 11] should also remain provisional for the time being. 

c) \ 3411.9 (int. I1-2).—This line is also observed in AX Per, where it reaches about 
the same intensity as \ 3428.5, whereas it is much weaker than \ 3428.5 in CI Cygni. 
The contribution of O 1v 3411.76 (lab. int. 4) is certainly unimportant. The line should 
be considered as entirely unidentified. 


? Reproduced in ibid., p. 310 (PI. XXI). 3 [bid., 91, 546, 1940; 93, 455, 1941. 
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P. SWINGS AND O. STRUVE 


TABLE 1 
SPECTRUM OF Z ANDROMEDAE 
IDENTIFICATION 
AuGuUST Juty—Aucust JuLy 
1940 1941 1942 | 
Elem Int 
3121. 5(1E) 21.7(2E) Om 3121.71 | 
3132. 7(6E) 32.9(7E) Om 3132.86 | 6 
3202.9(6E) 03.1(6E) Het 3203.16 | 100 
3277 .O(1E) 77_3(1E) Fe 3277.35 | 9 
3281. 1(1E) 81_3(1E) Fe 3281.29 7 
3312.3(4E) 12.3(2E) Ou 3312.30 | 5 
3323 .6(1E) 23.1(1E) Fe 3323.07 | 
3340. 5(5E) 40.7(5E) Om 3340.74 | 6 | 
3345.8(4E) 45.8(5E) (Nev) | 3345.8 | ....... 
3420.830E) Cru 3421.20 | 75 
| 3422.7101E) | Orn 3422.74 | 125 
3425 .85(6E) |  25.74(10E) [Nev] | 3425.8 
3443 60(6E) | 43.45(4E) | 43. 72(8E) | Om | 3444.10 5 
3455. 27(0E) | | Om | 3455.12 5 
| 3554(0A) | Het | 3554.39 7 
| | 3586.30(3E) [Fev] | 3586.3 
3587(1A) | | Het 3587.25 10 
| Het 3587 40 2 
3633.45(3A) | Het 3634.24 | 15 
| Het 3634.37 2 
3662.08(1A) | Hs 3662.26 
3663 03(1A) | | Hay 3663 40 
(3664. 25(1A) | 
{3665.70(1A) 
3666. 53(0E) | 65. 86(1E) 66.010E) f |. 3666.10 
{3667 47(1A) 
3668. 26(0E) | 67.59(2E) 67.65(1-0E) | | 
(3669: 12(1A) | 
13669 .94(1E) | 69.40(2E) 69.68(1E) | | ) 
(3671.21(1+A) | 
13672.00(1E) 71.39(3E) 71.44(01E) f | $671.48 |... 
[3673.24(1+A) 73.76 | 
13674. 42(1E) 73.90(3-4E) 73.55(1E) 23 
[3676.07(2A) | 
(3676 .94(1E) 76. 38(3-4E) 76.591E) | 76.36 
Cri 3677.69 40 
3677 .34(2E) Crit 3677.86 | 50 
Cri 3677.93 | 30 
(3679. 10(2A) 
13679. 75(1E) 79. 42(4E) 79.54(2E) | Ha 3679.35 
| 3681.02(1E) | 
[3682.37(2A) | | 
|3683..27(1E) 82. 66(4E) { | | 
3684. 71(1E) 85.06(0-1E) Cru 3684.25 25 
Tim | 3685.19 | 700 
[3686.19(1+A) | | | 
13687 .35(1E) 86.93(4E) 86. 86(3E) | | 3686 86 
(3689. 24(1+A) 1 | | 
13690. 37(0E) 
3691 .30(1+A) \ 
13692. 21(1+E) 91.57(4E) 91.52(4E) | His 3691.56 2 
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TABLE 1—Continued 


IDENTIFICATION 
AUGUST Juty-Aucust JuLy 
1940 1941 1942 
Elem r Int. 
(3696. 88(1*A) | 
3097. 79(1E) 97.18(5E) 96.98(44E) f | 3697.15 3 
3700.01(0E) | Via 3700 .34 200 
(3704. 18(1*A) 
3705 .62(1*+Enn) J 3704.57(5En) | | 
3705. 55(4En) | | 3705 .00 30 
| Het 3705.14 3 
| | (Fer 3705.57 700) 
| (Ti 3706.23 125) 
) | (Can 3706.03 40) 
1.56(1*+ A) 
712.72(2E) 12.21(5E) f Hs 3711.98 5 
Crit 3712.97 35 
3713.04 15 
3714. 73(1E) 15.46(1-OE) Crit 3715.19 20 
Crit 3715.45 20 
Vu 3715.48 1200 
Ow 3715.08 6 
3718 76(0A) 
3719 19. 83(0E) 20. 24(16) 3719.95 | 1000R 
3721 .40(17A) 
3722. 53(2E) 22 05(5E) 21.78(6E) Mig 3721.95 6 
3724 O4(0E) Crit 3723.40 15 
21-38 40 
Feu 27.04 4 
Vu 21.30 1000 
3728. 55(0-1E) {O 11] 
3734. 94(2E) 34. 51(6E) 34. 42(6E) 
3737. 10(1E) 37 .03(2E) 36.00(2E) 3737 55 10 
Fe1 3737.13 1000 
Catt 3736.90 50 
3739 19(0-1E) (Crir 38.38 25) 
3741. 39(0E) 41. 58(2E) Tiu 3741.65 200 
3745 .71(2-3E) 45 45(1E) Vu 3745.81 800 
3745.56 500 
3748 34(1E) 48 00(2E) 47 99(1E) Feu 48.49 8 
Fet 48.26 500 
(Crit 48. 68 7) 
3749 S57(1+A) 
3750. 86(2E) 50 30(6E) 50. 18(6E) Ay 3750.15 10 
3755 00(2E) 54 60(2E) 54. 46(3E) 3754.57 20 
(Om 3754.67 7) 
(Fe 3755.56 4) 
CN 3754.62 6) 
3757 .81(1E) 57 .48(1E) Tit 3757.69 100 
Fet 3758.23 700 
Our 21 
3760 08(2En) 3759 .23(2E) Feu 3759 46 6 
Ol 3759 .87 9 
Tiu 3759.30 400 
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TABLE 1—Continued 


IDENTIFICATION 


AuGuUSsT Juty—Aucust JuLy 
5 1940 1941 1942 | | 
| Elem. Int. 
3759. 29(10E) [Fev] | 3759.9 
Om 3759.87 9 
: 3760.83(1E) | Tin 3761.32 300 
3762. 35(0E) | 3762.89 5 
Tin 3761.32 300 
Ou 3762.51 120 
| 3764.22(1-OF) | Fei 3763.79 500 
Feu 3764.09 m 
3766. 74(0E) Fet 3767.19 500 
(Cru 3766.65 4) 
{3770.52(1A) 
13771 .25(2E) 70.73(7E) 70.63(7E) jf | 3770.63 15 
3783. 14(2E) 83.19(1E) Feu 3783.35 4 
| ((Fe v] 
3795. 27(1E) 95.47(1E) Fei 3795.00 500 
(3797. 30(1A) | 
69(3E) 97.96(7E) 98 01(8E) 20 
| 3806.26(0-1En) 05. 66(0E) Fet 3805.34 400 
Het 3805.76 
| (Sim 3806.56 5) 
| 3813.73(2En) | 13.97(1En) Feu 3814.12 4 
| Crit 3814.00 12 
| Fei 3812.96 400 
| Tin 3813.39 20 
| 3814.58 35 
Het 3819 61 50 
20 19. 89(2E) } | Fer 3820.43 800 
3824.47(0E) 24. 88(1E) 24.72(1E) Feu 3824.91 4 
| 3827.11(0E) | Feu 3827 .08 4 
3829. 60(11-0E) Mgt 3829.35 100 
3832.901E)t 33.12(1E)t Mgt 3832.31 250 
| Fer 3832 96 2 
(3834. 48(1A) 
.63(3E) 35.55(6E) 35.43(8E) 3835.39 40 
3838. 24(1-2E) | Mgt 3838.26 300 
| 3848 .39(1E) 48 03(2-1E) Mgu 3848.24 10 
3849. 80(1-2E) 50.61(1E) Meu 3850. 40 5 
| 3849.97 500 
3853 .94(1E) Sim | 3853.67 3 
3854. 84(1A) | 
3855 .92(3E) | 36 124E) 12(3E) 
3859.73(1E) Fe1 3859.91 1000 
f | 3861.23(1A) 
3862. 60(2E) 62.40(4E) 62.30(2E) 3862.59 | 
3865.45(1E) Cru 3865.59 75 
3868. 75(7E) 68.64(4E) 68 .71(10E) [Vem] | 3868.7 |......... 
‘a 3872.35(1E) | Her | 3871.82 | 5 
| Fem | 3872.76 | pred 
3878 .71(2E) | Va | 3878.71 300 
| Fe1 | 3878.57 | 300 
(3880. 69(0A) | 1 | 
(3882. 22(0E) Ou 3882.19 35 


* Also present in BF Cygni. t Mainly Mg1. t Mainly Fe ll. 
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| | IDENTIFICATION 
Aucust Juty—-Aucust JuLy 
1940 | 1941 1942 
Elem Int. 
(3887 .84(5A) | 87. 76(2A) \ Hs 3889.05 60 
(3889. 28(5E) 89_.03(9E) 89.05(10E) f Het | 3888.65 1000 
3891. 52(1-2E) | [Fev] 
3895 .83(1E) | Fer 3895 . 66 400 
3899. 58(1E) | Fer 3899.71 500 
| 3900.12(2E) Tiu 3900 . 54 50 
| Alll 3900 . 68 200 
3902 .91(1E) 03.19(1E) | Fer 3902 .95 500 
Vu 3903 .26 250 
3905 62(1E) 05 .57(2E) | 3905 .53 15 
| Cri 3905.64 25 
Fer 3906 .04 
3914. 19(1En) 13.84(2-3E) | 14.04(2E) | Feu 3914.48 2 
| Tin 3913.46 70 
3919. 22(1En) | Cu 3918.98 80 
| Ci 3920 .68 200 
| Nua 3919.00 35 
| | OU 3919.28 35 
3923 .24(1E) | | Fer 3922.91 600 
3926. 55(1F) 26.57(1-2E) Het 3926.53 7 
3930.47(1E) 30. 31(2-3E) 30.65(0E) | Fer | 3930.31 600 
3933 .78(3E) | Cam | 3933.67 600 
3934. 95(1E) 34.69(1-2E) | Cau | 3933.67 600 
| Het | 3935.91 4 
| Fe | 3935.94 6 
| | (Nim | 3934.41 3) 
3938 .39(1*E) 38.31(3-4E) 38 .42(3E) | Feu | 3938.29 | 2 
3943 .38(1-0E) | (Alt 3944.03 | 2000) 
3945 .35(1E) 45.15(2E) 44.79(1E) Ou 3945.04 | 20 
Feu 3945.21 | pred. 
| (Cru 3945.11 | 1) 
3951. 50(0En) | Vi 3951.97 | 500 
| (Fer 3951.17 | 150) 
3961.77(1*E) 61.00(1En) 61 .56(2E) | Fer | 3960.89 | 3 
Alt 3961.53 | 3000 
| Omr | 3961.59 | 8 
3964. 84(2E) 65 01(4E) 64. 83(4E) | Het | 3964.73 | 50 
3967 .33(2E) 67 .89(2E) 67 .28(3E) | [Nem] | 
Can | 3968.47 500 
3970 34(4E) 70.32(8E) 70.12(10E) He | 3970.08 80 
3973. 83(1E) 73 .78(1-2F) 73 84(4E) Feu 3974 16 3 
Via 3973.64 300 
Ou 3973.27 125 
3978 .32(1-OE) (Fel 3977.75 300) 
3981. 89(1-0E) 82 43(1E) (Fel 3981.77 150) 
Fem | 3981.61 | pred. 
[Fe 11| | 
3991. 56(0-1E) | 3991.77 2n) 
3995. 50(0E) Niu 3994.99 300 
3997 . 87(0-1E) (Sim 3998.00 in) 
Fer | 3998 05 150 
4002 .35(1E) | Fei 4002.55 3 
4003 .37(1E) | Cry 4003.33 25 
4005. 36(0-1E) Vi 4005.71 800 
| 
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TABLE 1—Continued 


IDENTIFICATION 


AUGUST Juty-Aucust JuLy 
1940 1941 1942 
Elem. Int. 
4009. 24(1F) 09. 58(2E) 09 .37(4E) | Het 4009.27 10 
4012. 60(1-2E) Crit 4012.50 30 
(Feu 4012.47 1) 
[4013 .95(2A) | 
4015. 51(1E) Niu 4015.48 1 
f4016.62(1+A) 
(4017. 56(0E) 
[4025 .56(2A) 25.61(2A) 
4026 43(2E) 26. 65(5E) 26. 86(4E) Het 4026.19 10 
4054 .02(1E) 53.61(1Enn)§ Cri 4049.16 18 
Crit 4051.97 12 
Cri 4054.18 8 
Fett 4057 46 
4063. 80(0E) Crit 4064.14 1 
fet 4063.60 400 
| 4006.97(1E) Niu 4067 05 30 
| 4067 71(2E) 4068 62 
(Fe 4067 98 150) 
(Niu 4067 05 30) 
| 4070.30(2En) 69. 28(0E) (S u| 4008 62 
Cm 4008 94 10 
| Cm 4070 30 8 
Ol 4069 90 125 
| Ou 4072.16 300 
4071. 56(1E) Fel 4071 74 300 
(Cri 4070 90 10) 
4072 00(2E) [Fe v] 4071.4 
4072.16 300 
Fel 4071.74 300 
OU 4075 87 800 
: | 4075. 82(2E) 75.87(2E) 76.07(2E) 
4089 30(1En) Crit 4089.49 2 
Cri 4088 90 1 
4097 35(4E) 97 .40(4E) 97. 29(4E) Nut 4097 31 10 
4101 97(6E) 02 20(10E) Ol 93(12E) 4101 75 100 
4103 .54(2E) 03. 40(4E) Nut 4103 37 9 
4112 92(0F) Crit 4113 24 5 
4121 .31(1E) 21.16(1-2E) 20 94(1K) Het 4120 81 25 
4123. 65(0E) 22 .46(1-2E) Fei 4122 64 4 
4124 88(0F) Fei 4124.79 1 
4128. 15(1-2E) S71 4128 05 20 
Feu 4128 73 3 
4131.19(1E) STII 4130 88 25 
4144. 25(1En) 43.71(3E) 43 .75(4-5E) 4143 76 15 
4161. 27(0-1E) Tiu 4161 54 30 
4162 35(1E) Cm 4162 80 4 
4163.71(2E) 7i 4163.65 150 
4166. 11(1-0EF) 
4169 00(1-0E) Het 4168 97 7 
4171. 51(1-OF) 4171 90 70 
4173.12(2En) 73.68(2-3E) 73.40(2-3E) Feit 4173.45 8 
§ From A 4049.6 to ¥ 4057.3. 
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TABLE 1—Continued 


IDENTIFICATION 
AuGustT Juty-Aucust JuLy 
1940 1941 1942 
Elem. r Int. 
4175.78(2A) 1 
17(2En) 78.63(3E) 78.43(3E) | Fev 4178.85 
4200 .32(1Enn) Heu 4199.87 2 
f4225.15(0A) 1 Cat 4226.73 500 
4226. 21(0E) 4227 35(0F) f | Aln 4226.81 35 
| Alu 4227.50 30 
Alu 4227 .98 20 
Fet 4227 .43 300 
4230.95(1A) 
13(3E) 32. 89(5E) 33:2) | 
4244 83(0En) 43. 86(2E) [Fem] | 4243.97 |......... 
4251. 69(0E) | 4251.77 2) 
| 4258 .01(1-2E) Fem | 4258.15 3 
(4264. 55(1A) 1 Cu 4267.02 350 
4207.17(1E) 67 .37(1E) 67.23(1En) | Cm | 4267.27 500 
4277. 23(0E) 77.51(1E) [Fem] | 4276.87 |......... 
4288. 70(0E) 86. 85(1E) 87.18(1E) [Fen] | 4287.40 |......... 
4289 81(1E) | Tin | 4290.23 60 
4293. 53(1E) | | Tim | 4294.12 80 
Fer | 4294.13 700 
4296. 56(1E) 96. 64(0E) Feu | 4296.58 6 
4307 .42(1E) Tin | 4307.90 100 
Fet 4307.91 | 1000 
4313. 12(1E) | Tiu 4312.87 100 
4315. 071E) | | tin 4314.98 20 
Fer 4315.09 500 
4320.97(1E) | | Tit 4320 96 40 
Sc 4320.74 40 
4331 .36(1E) | Feu 4331.53 3 
4340. 67(8E) 40. 7910E) 40.67(15E) | Hy 4340.46 200 
4351. 83(3E) 51. 60(4E) | 51.36(1E) Fem 4351.76 9 
| (Mgt 4351.91 15) 
4358. 66(1E) | | [Fe 11] 
4363. 46(6E) | 63. 21(5E) | 63.08(8E) | [Om] 
4366. 92(0E) On 4366.91 100 
4368. 22(0F) | | O1 4368.30 | 1000 
| Feu 4368.26 1 
| Tin 4367 .66 25 
4369. 24(1*E) On 4369.28 50) 
Fem 4369.40 2 
4379 66(0F) | Nutr 4379.09 10 
4384. 16(1E) 84. 30(2-3E) 85.4(2E) 4385.38 7 
Fet 4383.55 | 1000 
(Mg tt 4384.64 8) 
4387. 63(2E) |  87.47(3E) 87 .96(5E) Het 4387 .93 30 
| 4390. 48(1-0E) Mgt 4390.58 10 
4395. 19(1E) Tiu 4395.04 150 
4399 92(1E) 99. 60(2E) Tiu 4399.77 100 
4404. 65(1E) | 04. 88(1E) | Fet 4404.75 1000 
| | 4407.97(1E) (Tit 4407 68 10) 
| (Fe1 4407 .72 100) 
4413 86(0F) 14. 70(1E) 14. 64(2E) [Fe m1] 
| | Fe 4415.12 600 
| Ou 4414.89 300 
4416. 78(2En) | 17.08(3En) 17.38(4E) Feu 4416.82 7 
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TABLE 1—Continued 
IDENTIFICATION 
AUGUST Juty—Aucust 
‘ 1940 1941 1942 | | | 
| [Fem] | 4416.28 
ie Tiu 4417.72 80 
| O18 4416.97 150 
4437 .67(0E) | Het 4437.55 10 
4444.97(0E) 43. 20(1E) Tin 4433.80 125 
4447 .41(0E) | Nu 4447 03 300 
OU 4448 20 70 
4451. 23(0E) 4451.54 4 
4457 .37(1E) [Fe 4457.97 
4468 .40(1E) | Tiu 4468.50 150 
4470.08(1A) 
4472. 08(3E) 72.12(5E) 71.53(5E) | 
4480 .96(2E) 80.93(3E) 80. 45(2E) Mem | 4481.33 100 
4488 98(1E) 88.75(1-2E) 89 05(2E) Feu 4489 18 | 4 
Tim | 4488.32 | 125 
4491. 32(1E) 91.62(1-2E) Feu | 4491.40 | 5 
4501.07 (1E) O1.21(1E) Tin | 4501.27 | 100 
4508. 26(1+E) 08 .73(2E) 08. 20(2E) Fei 4508.28 | 8 
4515. 20(2E) 15.43(2E) 15 69(1E) feu 4515.34 | 
4521 .06(1E) 20. 54(2E) Feu 4520.22 7 
4522. 89(1*E) 22.86(2E) 22. 53(1E) Feu 4522.63 9 
4528 .75(1E) 29.11(1E) 4529 46 40 
Vil 4528 51 300 
Fer 4528.62 600 
4534. 64(1E) 34.17(2E) | 34.34(1E) Feu | 4534.17 2 
Ti 4533.97 150 
Meu 4534.26 4 
(Nim 4534.57 3) 
4540 .92(1+E) 41.46(2En) 41. 90(2En) Feu | 4541.52 4 
; Heit | 4541.63 5 
4549 04(1E) 49 74(3-4E) 49 70(1E) Feu 4549.47 10 
4549 63 200 
4556 30(1E) 55 .95(3E) 55. 99(1E) Feu 4555.89 8 
4558. 19(1E) Cru 4558 66 100 
4564 04(0E) Tiu 4563.77 200 
4571. 57(0E) 72 26(0E) Tiu 4571.98 300 
Mgt 4571.15 20 
4576.51(0E) 76 89(0E) 76 80(1E) Fett 4576 33 4 
4583. 11(2E) 83.93(4E) 83. 54(2E) Feu 4583.84 11 
4589. 29(1-0En) 4588 22 75 
7i 4589 95 100 
(Crit 4589 89 3) 
4619 87(2Enn) 20.45(1E) Fen | 4620.51 3 
Cri | 4618 83 35 
4629. 86(3E) 29. 53(4E) 29. 56(3E) Feu | 4629 34 7 
(Ni 4630.55 300) 
£4631.69(1A) | Nut | 4634.16 8 
4634. 70(3En) 35.06(3-4E) 34. 24(4E) Feu | 4635.33 5 
[4637 .66(3A) Nur | 4640. 64 10 
4640 .30(4En) 41. 23(4-5E) 40. 48(6E) (Nim | 4641.90 3) 
[4045 .74(3A) Cm | 4647.40 10 
4651.05(2En); Cum | 465016 | 9 
| | 


© Extending from A 4645.5 to \ 4651.9 with maxima at \ 4647.0 and A 4649.9. 


Extending from A 4646.3 to A 4651.9. 
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TABLE 1—Continued 


IDENTIFICATION 
AuGUST Juty—Aucust 
1940 1941 1942 
Elem. r Int. 
| C ur 4651.35 8 
(4653. 87(1A?) Civ 4658 64 5 
(4657 .92(1*E) 57.53(1E) 58.6611E) f Civ 4656.5 4 
4685 46(10E) | 85.58(12E) 85. 80(15E) Het 4685 .81 300 
4709.65(1-0E) (Fei 4708 .97 3) 
4713.82(1*E) 13.99(3E) 13.57(2E) Het 4713.14 40 
Het 4713.37 a 
4732 .17(1E) Feu 4731.44 3 
4861. 59(10E) 61.95(15E) 61 .34(20E) HB 4861 .34 500 
(4920 O8(2A) 19 64(1A) | | Het 4921.93 50 
4922 .59(2*En) 22 .80(6E) 23.89(2E) Fe 4923 .92 12 
4958 .86(3E) 59 .36(4E) {O 
4993 .96(1E) Fei 4993 .35 1 
5007 .23(5E) 07 .05(6E) {O m1] 
5012.21(2A) | | 
5018 93(2E)) Feu 5018.43 12 
| 5040.16(11-0E) | (Sim 5041.13 8) 
5048 .01(1E) Het 5047 .74 15 
5169(1E) 68 .82(3E) Feu 5169.03 12 
| 5183.66(1-OEn) | Mgt 5183.62 500 
5197. 60(2E) Feu 5197.57 6 
| 5226. 66(0E) Tiu 5226.55 50 
Fet 5227.19 400 
5235(1K) 34. 64(1-2E) Feu 5234.62 7 
| 5275.16(3E) Feu 5275.99 i 
5283 95(1E) Feit 5284.09 3 
5317(2E) 5316.92(4E) Feu 5316.61 8 
Fe 5316.78 4 
5362.82(2E) Fei 5362.86 
5412(2E) He 5411.55 50 
5534.79(2E) Feu 5534.86 4 
5876(5Es) 5876(10E) | Het 5875.62 1000 
6563(20E) 6563(20E) | | Ha 6562 .82 2000 


d) \ 3736.7 (int. 3) and 3754.8 (int. 4).—These two lines, also observed in AX Per, 
coincide with two predicted [Fe v] transitions: °"Do—*F2 (Aprea 3736) and *D,;—*F2 (Aprea 
3755). When these lines are appreciably weaker than the leading [Fe v] lines, \ 3891.4 
and \ 3895.4, as in AX Per (January-February, 1942), their attribution to [Fe v] may be 
considered as satisfactory. But in CI Cyg they are stronger than \ 3891; hence, con- 
tributions by elements other than |Fe v| must play an important part. The a®D;.,—a?F2, 
transition of [Fe 1] is predicted at \ 3736.2; but since no other transition of the a*D—a?F 
multiplet can be identified with any degree of certainty, the attribution of \ 3736 to 
[Fe | remains very doubtful. The line \ 3736.7 is also strong in BF Cygni‘ and in Z An- 
dromedae, where it should be mainly attributed to Ca 11 3736.90 (50), Cr 11 3737.50 (10), 
and Fe 1 3737.13 (1000). It seems that in CI Cyg these three contributions should be 
added to [Fe v] and possibly to |Fe u]. As for \ 3755, it is absent in BF Cyg, but it is 


Unpublished material. 
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present as a fairly strong line in Z And, where it is attributed to Cr 11 3754.57 (lab. int. 
20), with minor contributions of Fe 1, O m1, N 1m, and [Fe v]. An unidentified line was 
found by A. B. Wyse,° at \ 3755.6 in the high-excitation nebula NGC 7662. The line 
d 3755 in CI Cyg should be related to the nebular feature of NGC 7662, plus [Fe v], 
rather than to the line in Z And. 

e) 3910.0 (int. 1).—This line has not been observed in nebulae or in BF Cyg, AX 
Per, or Z And. It is completely unidentified. 

f) Fe II lines at \X3914.4 (int. 2), 3938.3 (int. 4),° and 3944.8 (int. 1).—These lines 
belong to the Fe 11 multiplet a*P —z*°D°; the laboratory intensity of \ 3914 and d 3938 is 
only 2; \ 3945 is predicted. The enhancement of this multiplet must be related to the 
low energy of z°D° (4.8 v.), as compared with the other Fe 11 lines of the violet-blue-green 
region. This point is discussed in another section. 

g) FeT lines.—Several faint lines observed in CI Cygni must be attributed to Fe 1, for 
example, a°D3—z°D§, d 3930.31 (lab. int. 600; exc. pot. 0.09-3.23 v.), which can be only 
slightly blended by a predicted Fe 1 line. The same Fe 1 lines are found in BF Cygni. 
CI Cygni presents, thus, the remarkable characteristics of combining emission lines of 
Fe 1, 11, and [Fe v1, vu]. Evidently the emitting atoms are not necessarily located in the 
same region of the star. Fe 1 may possibly be excited in the atmosphere of the late-type 
companion by the early-type star. No selectivity of the type observed in the Me long- 
period variables is found for the Fe 1 lines in CI Cygni. This means that the mechanism 
of emission of Fe I is quite different from that in long-period variables. 


RS OPHIUCHI 


Compared with 1941,’ the bright-line spectrum of RS Oph became much more pro- 
nounced in July, 1942. Our spectrogram of July 19, 1942, reveals a conspicuous emission 
line coinciding in wave length with the red coronal line \ 6374. No other identification 
can be found for the observed feature. For example, a neighboring Sz 11 line (A 6371) is 
excluded because the other stronger line (A 6347) of the doublet is absent. There is no 
trace of the green line A 5303. It may be recalled that, shortly after the outburst of 1933, 
Adams and Joy® discovered five coronal lines in the spectrum of RS Oph, the intensity of 
the green line \ 5303 being comparable to H8.° According to Edlén’s interpretation of 
the line spectrum of the corona, \ 6374 is due to [Fe x], whereas \ 5303 belongs to [Fe 
xiv]. Hence it is not excluded that the excitation on July 19, 1942, could have been 
high enough to reach the ninth stage of ionization of iron but not the thirteenth. On our 
spectrogram the bright lines of H, He 1, and He tare strong. In 1939 we also observed in 
AX Per and CI Cygni a weak emission line near \ 6371, which we tentatively attributed 
to [Fe x];!° there was no trace of a line near \ 5303 in these two stars. 

Our spectrograms of July 29 and August 1, 1942, show a considerable number of emis- 


5 Lick Obs. Contr., ser. II, No. 4; Ap. J., 95, 356, 1942. 


6 In our first report on CI Cyg (Ap. J., 91, 546 [Table 29], 1940) the line \ 3938.0 should be attributed 
to 


7 See our previous report on RS Oph (Ap. J., 94, 291, 1941). 
8 Pub. A.S.P., 45, 249, 1933. 


9A minor outburst may have been present around April 25, 1942, according to the following data 
kindly communicated by Mr. Leon Campbell: 

“Regarding any variation in RS Ophiuchi, during the past summer, our curve shows that the star ap- 
pears to have been perhaps abnormally bright, magnitude 10.7, late in April to early in May, with the 
peak at JD 2430475. 

“Usually, RS Ophiuchi is around magnitude 11.5 to 12.0, although recent observations make it nearer 
11.0 to 11.5. To be sure, the scatter among observers is rather larger than for most of our stars.” 


1 Ap, J., 91, 613, 1940. 
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sion lines (Pl. XXII). The Balmer series is observed in emission to Hi. Other observed 

bright lines are as follows: 

Het: 4026 Oi (1); 4388 (3 bl.); 4471 (6); 4713 (1); 4922 (6 bl.); 5016 (8 bl.); 5048 (1); 
5876 (8 

Hew: 4200 (1?); 4542 (2bl.); 4686 (10); 5412 (2) 

Cu: 4267 (1) 

Cut: 4650 (1) 

Nu: 3995 (1-0); 4447 (1-2) 

Num: 4097 (2); 4634 (5, slightly blended by Fe 1); 4640 (6) 

[Om]: 4363 (6); Ne (1); Mi (4) 

[Ne 11]: 3869 (3); 3968 (2) 

Meu: 4481 (4) 

Sim: 3856 (1); 3862 (1); 4128 (2 bl.) 

[Su]: 4069 (2) 

Cau: 3934 (1) 

Tin: 4300 - bl.); 4313 (2); 4395 + 4400 (1-2n); 4444 (1); 4501 (2); 4550 (2 bl.); 5189 (1); 
5227 (1) 

Cru: 4052 + 4054 (1n); 4253 (1-0); 4619 (2 bl.); 4824 (1); 4848 (1-2); 5335 (2). 

Feu: 3974 + 3975 (1); 4002 (1); 4123 (1-2); 4129 (2 bl.); 4173 (2); 4179 (3); 4233 (6); 
4258 (2); 4297 (2); 4303 (2 bl.); 4332 (2); 4352 (6); 4385 (3 bl.); 4417 (2 bl.); 4451 
(2); 4489 + 4491 (5); 4508 (3); 4515 (2); 4520 + 4523 (3); 4542 (2 bl.); 4549 (2 bl.); 
4556 (2); 4576 (1); 4584 (4); 4621 (2 bl.); 4629 (4); 4924 (6 bl.); 4993 (1); 5018 (8 
bl.); 5169 (5); 5198 (4); 5217 (2); 5235 (5); 5260 + 5265 (2); 5276 (5); 5284 (4); 
5317 (5); 5326 (3); 5363 (5); 5387 (2); 5396 (1); 5425 (2) 

[Fem]: 4244 (1-2); 4277 (1); 4287 (2); 4359 (3); 4414 + 4416 (2 bl.); 5159 (1) 


The Fe 11 lines will be discussed in another section. The observed [Fe 11] lines are the 
strongest transitions of the a®D—a'®S, b*F, and a*F —a‘G, a*H multiplets. Cr 1 has only 
faint lines: the main features belong to the a*F—z*D® (4 4253), a*F—z‘F® (A 4824, 
\ 4848), —z*D® (\ 4619), and b*F — z*F°® 5335) multiplets. 77 1 is also rather faint; 
only the strongest members of the leading multiplets are found. 

The only outstanding unidentified line has the approximate wave length \ 3738 (int. 
2s). It seems too strong to be due to Ca 11 3736.92 and Fe 1 3737.13. The line is prob- 
ably identical to the feature discussed in CI Cygni. 


AX PERSEI AND AG PEGASI 


These two objects with “combination spectra” have continued to display variations of 
their emission lines. Between February and November, 1942, AX Per has, on the whole, 
shown a decrease in ionization; this is especially apparent in the considerable decrease 
of the intensity ratios |Ne v]/O m1, and [Fe vu]/|Ne 1]. [Fev] was still present in 
November, 1942. 

As for AG Peg, a comparison between spectrograms of July 13-15 and of November 
23, 1942, reveals a decrease in the intensity of the Fe 11 lines relative to the other emis- 
sions (H, Het, etc.). In fact, this star displays appreciable fluctuations of the intensity 
of the metallic emission. In July, 1942, the ratio Si 1v/He1 was greater than in 1939, 
and the N 1 lines were weaker. 

New data on the emission lines of Fe I, Fe IT, |Fe 11), |Fe IIT), and |Fe V] in peculiar 
stars.—On the basis of our material on Z And, RS Oph, and other stars, new information 
may be gathered concerning the permitted and forbidden emission lines of iron in its suc- 
cessive stages of ionization. Such data are useful, especially for the discussion of the 
spectra of novae. For the permitted lines it is known, in a general way, that the geo- 
metrical and physical dilution factors, as well as the excitation potentials, play an impor- 
tant role. But what their actual effect is can be decided only by observations. The 
properties of the forbidden spectra of Fe m1 and Fe v are similar; hence, an increased 
knowledge of [Fe 111] will improve the situation with respect to [Fe v], and vice versa. 


7 


206 P. SWINGS AND O. STRUVE 


Besides the results obtained from Z And, RS Oph, and B 1985, important data are pro- 
vided by a discussion of our numerous spectrograms of BF Cygni. Merrill discovered"! 
that this star exhibits numerous bright lines of H, He 1, oxygen, iron, and other elements; 
he noticed the great strength of [Fe 11] and the variability of [O m1] 4363. Merrill has an- 
nounced that he is preparing an investigation of the object. Hence our material will be 
used only in so far as it provides data on the iron spectra, and no general description of 
the spectrum” or of its variations will be attempted. 

Fe I.—When present in emission in long-period variables, Fe 1 exhibits peculiar selec- 
tivities (incomplete multiplets) which have been tentatively attributed to fluorescence 
effects.!3 A careful check is required to ascertain whether selectivities of some sort or an- 
other are also present among the bright Fe 1 lines found in early-type objects, since these 
lines are usually very weak and some may easily escape detection. 

A detailed discussion of the spectra of Z And, BF Cyg, CI Cyg, AG Peg, and several 
other objects reveals no peculiar selectivity among the emission lines of Fe 1. The ob- 
served lines belong to the multiplets a°D—z*F°, z°D®, z7P°, z’F°; a°F — y°F° (and possibly 
also a®F —z'P°®, y°D°), and (slightly blended) a*F — y*D°, y*F°, z°G°. Most of these lines 
are in the ultraviolet region. The terms a°D, a°F, and a°F are the three lowest terms: 
a°D from 0.00 to 0.12 v.; a®F from 0.85 to 1.01 v.; a°F from 1.48 to 1.60 v. 

In the presence of emission lines of H, He 1, Fe u, 7i 11, and Siu, relatively few Fe1 
lines can appear unblended. The best are listed in Table 2. 

Fe IT.—The behavior of Fe 1 has been considered previously in various examples of 
peculiar stars. In Z Canis Majoris and in other similar stars (17 Leporis, CD — 27°11944, 
BD+47°3487, HD 160529, etc.) the sextets (a®°S—z*P°, z°F°) exhibit strong violet ab- 
sorption-components, whereas the quartets (b*P—z*D®, z‘F°; b‘F—z‘D®, z‘F°, and 
a*G—z‘F°) appear in pure emission.'* Such behavior may be similar to the selectivities 
observed in shells of high excitation among the lines of Si 11, N 1, V 11, N Iv, C 11, etc.; 
we have attributed these selectivities to fluorescence phenomena. 

In the case of B 1985 and WY Gem" the Fe 11 emission lines of low excitation were 
found to be considerably enhanced, relative to the lines of high excitation, when using 
for comparison the laboratory intensities obtained by Dobbie near the pole of the iron 
arc. In order to facilitate future discussions of the behavior of the Fe 11 lines in bright- 
line stars, we have compiled in Table 3 all the bright Fe 11 lines found on our McDonald 
spectrograms of B 1985 (for \<3420), BF Cyg, RS Oph (for \ >3970), and Z And, 
which are four excellent representatives of “iron stars.’’ The table contains, besides the 
usual spectroscopic data, the estimated intensities in absorption in a Cygni.'® 

Examination of Table 3 reveals immediately that the decrease in intensity with in- 
creasing excitation potential is much more pronounced for the stellar emission lines than 
for the absorption lines in a Cygni or for the laboratory lines. In terms of excitation tem- 
perature, this behavior of the bright Fe 11 lines may be considered as corresponding in a 


1 Pub, A.A.S., 10, 168, 1942. 

12 The following elements are present in emission on our spectrograms of July, 1942, of BF Cygni: 
H, Het, Heu,(N [Om], Mgt andu, Alm (?), Sitand [S$ u],Catandu, 7i u, Vu, Cru, (?), 
Fetand 11, [Fe 1 and 11] (no permitted Fe 111), Ni (?), and the strongest lines of C m and m1, V u and 
O II. 

13 Thackeray and Merrill, Pub. A.S.P., 48, 331, 1936; 49, 120, 1937; Thackeray, Ap. J., 86, 499, 
1937; Swings and Struve, Ap. J., 96, 269, 1942. Besides the incomplete multiplets, certain long-period 
variables reveal also as faint emission the stronger lines of the ultimate multiplets of the violet region 
a5D —z’P® and a5D—z’F°. 

14 Ap. J., 96, 254, 1942. 


16 Ap. J., 93, 455, 1941. 
16 From J. H. Rush, Ap. J., 95, 213, 1942 (for X < 3298); O. Struve, Ap. J., 90, 699, 1939 (A 3298 to 
3900); Struve and Swings, Ap. J., 94, 344, 1941 (for \ > 3900). 
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eneral way to a fairly low excitation-temperature, say, of the order of 5000° or 6000°. 
But it is far from certain that a true Boltzmann distribution is present. 

At any rate, this behavior of Fe 11 is important for identification work. It enables us, 
for example, to understand why the Fe 11 line, \ 3938.29 (lab. int. 2), may be present as 
a fairly strong emission while the line \ 3938.97 (lab. int. 4) is absent. Such a behavior 
has been observed in all bright line stars, as is indicated in Table 4. 


TABLE 2 
CHARACTERISTIC Fert LINES, NOT BLENDED BY H, Het, Feu, Ti t1, OR Sir 
LABORATORY INT. IN EMISSION IN 
N | lek | Enc, Pot. Z And BF Cyg 
—25F 3719.93 1000 0.00-3.32 0 1 1 
+4 3745.56 500 0.09-3.38 |....) 2+] 1 1 1 
2-1 3878.57 300 1 
1-0 3895 66 400 O13 
3930.31 | 600 09-3.23 1 
3-3.........| 4206.70 125 0.05-2.98 |....}..... ER 
44.........| 4216.19 | 200 0.00-2.93 |....]..... 1-0? 
3-4 4291.47 | 125 0.05-2.93 |....|..... 
43 4325.76 | 1000 0.00-2.85 |....|..... 
4-5 4375.93 | 500 ©.00-2.82 |..../..... 
2-3 4461.65 | 300 0:098-2.85 1-0? 
2-2 3763.79 | 500 0.99-4.26 |...) 10]....) 1 
2-3 3795.00 | 500 | 099-424 | 1] 1 2 
| 
3-4.........| 4404.75 | 1000 | 171 


NOTES TO TABLE 2 
1. In Z And, the Fer line is blended with Vr. —-2.. May be very weakly blended by He 11. 


As already mentioned in the section on CI Cygni, it so happens that A 3938.29 be- 
longs to the a‘P—z®D° multiplet which, among all observable Fe 11 lines, possesses the 
lowest excited level (z®D°® = 4.80 v.). On the other hand, \ 3938.97 is one of the high- 
level lines (d?D—x‘F®; exc. pot. of xtF° = 9.02 v.).!7 Despite its low laboratory intensity, 
the other line of the atP—z®D° multiplet, \ 3914.5, is also found in the bright-line stars. 
In addition, three predicted lines of the multiplet are appreciable contributors in blends. 

7 The effect of the energies of the lower levels a*P (1.66 v.) and d?D (5.88 v.) appears strikingly when 
we compare the intensities of \ 3938.29 and \ 3938.97 in absorption in the sun, Canopus, a Cygni, and 
a* Canum Venaticorum. In Canopus, \ 3938.29 is slightly affected by a Mg1 line; the comparison in 


Sun | aCar | aCyg | «CVn 


3938 29 (lab. int. 2)..... 2 | -} 
3938 97 (lab. int. 4).... 2 | | 


types later than the sun or earlier than AO is impossible because of blends. 
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TABLE 3 
BEHAVIOR OF Fe 11 LINES IN PECULIAR BRIGHT-LINE STARS 
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TRANSITION 


LABORATORY 


INT. IN EMISSION IN 


Int. 


a‘D—ZD° 


a‘P—z'D® 24-3} 
1 


atP—ztF 24-34 
1 


24-34 
1 


b4P — 


34-4} 

24-33 

33-3} 

24-23 

14-1} 

a‘P—z°D 24-24 
2 

-1} 

14-1} 


a2P—z'D® 14-23 


| 
24-34 
24-3} 


| pred. 


mn 


© 
= 


g 


~ 


= 
Qu. 


_ 


4 


We oO 


.49 | 
53 | 
56 | 


56 


58 


56 


| 


52 
56 


.56 


59 


.80 


85 
88 


wW 


+ Ui ~100 


* Only the region \ <3420. 


t Only the region \ > 3970. 


BF Cyg | RS Opht} Z And 
1 
1-2 1 
1-0 
Fog 
4 2 
2 bl. | 1-0 
2 bi. | 1bl 
5 | 
4 | 
1 bli. 
3 bl. | 
|.....J 
2 
1-0 | 
1 
1 
1-0 |. 
0) 
10 6 | 6 
7 6 | 4 
6 bli. 2bl. | 3-4bl 
8 Z 2-3 
4 2 bi 
3 3 bl 2 bl. 
3 bl. 2 bi 1-2 bl 
j 
9 3 3 
3 Z 1-0 
2 bl. 
3 1-2 1 
3 2 1-2 
1 
| 1-0 bl. 


208 
INT. | 
| | E (Ans) | | 
x. Pat. B 1985* 
= 3277.35 | | m7s| 4 | 4 
$900.26 04 77| bi. | 2bi. | b 
98 77| 4 | 3 
3281.29 | 04 80| 2 3 b 
3303.47 09 83) bl | 
3285.42 | 07 83 | 1 | oO 
| 72 82| Obl. |...... 
13-4.......| 3930.31 69 83 | (4) 
13 | 1.66 9| 5s | 6 
4-12....../ 3210.45] 10 | 1.72 6 7 | 4 
3192.92 | 9 | 1.66 a) 2°) 
14-14......| 3186.74 | | 1.69 6| | 3-4 
4-}.......| 3193.81] 11 1.72 8| 3 Sbl. | 
24-1}4......| 3166.67 | 4 | 1.66 2 | 1-0 | 
4 ) a “| 3170 34 | 6 | 1.69 8 4 | 10 | 
| 
......| 3196.07 | 10 | 1.66 | 
$-14......] 3185.31] | 1.72 9| 3 
24-23......| 3163.00! 5 | 1.66 | | 
4-14......| 3821.92 | 3 
| | | | a 
124.79 | 26 
233.17 | 7 
14-24......] 4351.76 | | 9 | 
4-14......| 4416.82 | 7 
13-1}. .....| 4303.17 | 9 
4385.38 | 7| | 
| | 
7 | 
24-24......| 412 7 
425 | 9 | 
24-13......| | om 7 
| 
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TABLE 3—Continued 


LABORATORY Int. IN EMISSION IN 
INT. IN 
TRANSITION — a CYG 
| Int. Ex. Pot. (ABS.) | 1985*| BF Cyg| RS Opht| Z And 
3074.16 3 | 2.609| 5.80] 4 (|....... 3 | 1b. | 
| 2 | 2.97) S461 1-0 | 1bl. 1 
4$-3}...... 4993.35) 1 | 2.80) 5.27) |......, 1 1 1-0 
b'F—z‘F? 44-44. .... 4629.34) 7 2.80) 5.46] 9 |....... 6 4 3-4 
34-34......| 4555.89] 8 | 2.82] 5.52] 6 |....... 6 2 2 
24-2 | 4515.34| 7 | 2.83] 5.56| 7 |....... 6 2 1-2 
13-1 | 4491.40; 5 | 2.84] 5.59] 6 |....... | 6 5 bl. 1 
44-3 4590.22; 7 | 2.80) 6 | 6 3bl. | 1-2 
34-28... | 4489.18) | 282) 5.56) 5 |....... Sbl. | 2bl. 
24-14...... | 4472.92; 2 | 2.83] 5.59} 3 |....... 
33-4 | 4666.75; 2 | 2.82] 5.46] 3 |....... | 
24-3 | 4582.83 | 3 | 2.83] 5.52] 4 |....... bl. 
13-2 ..| 4534.17{ 2 | 2.84] 5.56] |....... 1 bl. 
b'F—z'D® 44-3 | 4583.83| 11 | 2.80] 5.49| 9 |....... 4 3 
33-2 4549.47 | 10 | 2.82] 5.53] 15bl. ]....... | | 3 
24-2 4508.63 | 9 | F 6 3 bl. 2 
| 4508.28/ 8 | 2.84] 5.58] 7 5 3 2 
34-3 4620.51 1 2bl. | 1-2 bl. 
24-24... | 4576.33; 4 | 2.83) 5.53] 4 |....... 1 1 1-0 
4541.52) 4 | 2.86) 3.36) @ | | | 
atS—2'F? 24-3} 5284.09} 3 | 2.88| 5.21| 4 |......,| 3 4 | 1 
24-34. | 5169.03 | 12 | 2.88) 5.27 8 5 | 3 
24-24......| 5018.43 | 12 | 2.88 | 5.34] 10 8 8bl. | 5 bl. 
23-1} 4923.92 | 12 2.88! 5.38! 10 | 8 | Obl. | 4 bl. 
} 
a'G—z'D 44-3}......) 5362.86; 5 | 3.19) 5.49] 6 |...... | 2 
3$-24......| 5316.78 | 4 | 3.21] 5.53] 8bl | 3bl. 
243-1 | 5264.80} 2 | 3.22] 5.56 3 | 
| | | | 
54-44......| 5316.61 8 | 3.14| 5.46 | 10bl. | | 3 bl. 
34-24......| 5234.62] 7 | 3.21] 5.56] 7 | | 
43-4 | 5425.27; 2 | 3.19] 5.46) 2 |. 
33-3 | 5325.56 2 3.21} 5.52 | 3 2 
5i-43......| 5534.86/ 4 | 3.23] 5.46] 5 |....... | 2 
b’G—z'H® 34-3}......| 3289.35| 7 | 3.80] 7.55] 3° |1-Obl|....... 
| 
b°G—z?G" 34-3}..... 3167.85 11 | 3.80] 7.69} 3 
| } 
b'‘D—y'F® 34-4}... | 3259.05 | 10 | 
3258.77| 10 | 3.88| 7.66/| | OF | 
34-34......| 3177.53 | 10 | 3.89] 7.77] 5 
24-24 | 3135.36; 9 | 3.88| 7.81] 4 
2}-13......| 3297.89 S| 395) | 


| | | 
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LABORATORY — | Int. iN EMISSION IN 
| Int. Ex. Pot. (ABs.) | 1985%| BF Cyg | RS Opht) Z And 
33-4}...... 3323.07; 8 | 3.95| 7.66| Obl. |.......]...... 
| | | | 
33-23...... 3232.79} 7 | 4.14] 7.95] 4bl. |...... 
43-43...... 3187.29| 8 | 413] 8 00 | | 
1}-2}...... 4012.47} 1 | 4.46] 7.54] Obl. | |...... 1 bl 
4032.95 3 4.48) 7.54] 3 abs abs abs 
| 
b’?D—y'D® 14-1}...... 3725.30] 3 | 4.46) 7.77) 2 4 abs 
23-32...... 3827.08| 4 | 4.71| 7.94] 3 a 0 
3814.12] 4 | 4.72| 7.95} 4 | 0? 1 bl 
23-13...... 3748.49] 8 | 4.71 8.00 | 2bl. |.. 1-2 bl 
3750.46) | 4.72| 8.00) Obl | tbl. |.. 1-2 bi 
3755.56| 4 | 4.72 | 8.00) 1 abs. | | abs 
| | | | | | 
23-3}...... | 3179.50; 8 | 4.71} 8.59)| 
3180.16; 7 | 4.72| | 1-0 
| 3175.08 | 4 | 471 | 8.60 0 abs. 
| | | 
34-44..... 3035.94 | 5.54) 868) 3 | 
2}-34...... | 4635.33 | 5 | 5.93] 8.59] 4 | abs. | abs. | bl. 
| | | 
23-34...... 4002.55) 3 | 593 901, 2 | abs. | 1bl. | 1-0 
13-23...... 3938.97 | 4 5.88; 9.02; 4 | abs. | abs. abs. 
23-1}3...... 3975.03 | 5.93 9.04 2 | abs. | 1bl. | abs. 
d?G—v?G? 44-4}...... 3000.89| 3 | 7.24) 10.35| 1 | abs. | abs. | 
4057.46} 2 | 7.24 | 10.28 | abs. | abs. | abs. 


From Table 3 one would gather that the multiplet a*P—z*®D° is enhanced relative to the 
multiplet atD—z®D®, which arises from the same upper level; whether this is really the 
case or whether it is of instrumental origin is hard to ascertain. 


TABLE 4 
INTENSITIES OF THE Fett LINES A 3938.27 AND \ 3938.97 IN BRIGHT-LINE STARS 


| | | 

| crcye | AXPer | Z And BF Cyg | AG Peg 
3938.29... | a2 | Be | 
3938.97........| Absent | Absent Absent | Absent | Absent | Absent 


[Fe I1|.—The forbidden transitions of Fe 11 observed in n Carinae have been described 
by P. W. Merrill,!® H. Spencer Jones,'® and especially I. S. Bowen.”° They consist of the 


J 3107, 391, 19 MN., 91, 794, 1931. 20 Rev. Mod. Phys., 8, 80, 1936. 
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following multiplets: a*‘D—b‘P, b*F, a°S; and a‘F —b‘P, a‘H, b‘F, a‘G. Our investiga- 
tions of the spectra of WY Geminorum and B 1985*' have added the following transitions, 
which appear in the ultraviolet: a‘ D—b‘D (weak), a‘ D—b?F (somewhat uncertain), 
a®D—b?G (uncertain), a*F —b‘D (fairly strong), a‘F —c?G (very weak), a*D—b?D (fair- 
ly strong), a‘D—c?D (weak), aD (somewhat uncertain). 

Besides, two faint emission lines of B 1985 and WY Gem have been observed at 
4114.4 and 4249.1 and have been identified as a*F4,—b?H5, (Aprea 4114.5) and 
(Apred 4249.1). 


— 


Fic. 1.—Forbidden lines of Fe tm. Full-drawn lines: forbidden transitions observed in 7 Carinae; 
dashed lines: new observed lines; dotted lines: transitions probably present. 


Spectrograms of peculiar stars, which have recently been obtained, especially of BF 
Cygni, provide additional data on the [Fe 11] spectrum. New components have been 
found in some of the previously known multiplets, and five new transitions have been 
observed in spectral regions which had not been thoroughly investigated before. The 
region X > 5600 is still practically unknown, and we plan to investigate it in the near 
future. 

The following additional components of the multiplet a‘F —a‘H have been found in 
BF Cygni: 


43-53, 5111.64 (int. 1) 
\ 5220.07 (int. 1) 
23—33, 5296.85 (int. 0-1 bl.) 


1 Ap. J., 91, 546 (Table 25), 1940; Ap. J., 93, 455 (Table 2), 1941. 
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The newly found multiplets are” a®D —a*F; a*F —a*D; a*D—b°G, and a*P —b?F, 
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The observations are given in Table 5. 


We may say that a®D—a’F is weak but fairly certain; that a‘f —a’D is certain, with 
at least one strong component; that a‘D—c?G is weak but certain; that a‘D—b’G is ex- 


TABLE 5 
NEW [Fe u] MULTIPLETS OBSERVED IN BF CYGNI 


} Int. in 


| 
Transition | d Pred. Ex. Pot. BF Cyg 
34-3} 3712.3 0.05-3.37 bl. 
3709.1 008-3 41 1 
3736.8 0.11-3.41 bl. 
... 3779.3 0.11-3.37 0-1 
-24... ..| 3752.2 | 0.12-3.37f | 
a‘F—a2D 44-2}..... 5362.1 | 0.23-2.53 bl. 
34-2}. | 5527.3 0. 30-2.53 4 
23-23. | 5654.9 0.35-2 
14-2}. | 5745.7 0. 38-2.53 
34-1} | 5295.7 | 0.30-2.63 0-1 
24-14...... | 5412.6 | 0.35-2.63 1-2 
14-11. 5495.8 | 0. 38-2.63 
| 
a‘D—c?G 34-4}. | 3918.7 | 0.98-4.13 0-1 
23-4}. 30870 | 1.04413 1-0 
| 3013.4 0 98-4. 14 4 bl. 
24-33. | 30815 | 1044.14 2 
1-35. .... 4027.7. | 1.07-4.14 bl. 
24-3}..... §396.7 166-395 


22 4 weak contribution of a®D—a‘G is also probable; but practically all the components are blended 
with ordinary lines. 


NOTES TO TABLE 5 


. Blended with Ais. 

. Slightly blended by Fe 1 3709.25 (600). 

. Blended with Ca 1 36.90 (50), Fe 1 37.13 (1000), Cr 1 37.55 (10). 
. Blended with Ai. 

. Blended with Fe 11 5362.85 (5). 

. Region not covered by our spectrograms of sufficient dispersion. 
. Blended with new [Fe 11] line a*F2,,—a‘Hs,, (A pred. 5296.85). 

. Blended with He m 5411.55 (50) and [Fe m1] 5411.98. 

. Possibly weakly blended by [Fe 11] \ pred: 3986.4 (a®D,, —a*G,,,) 
. Blended with Fe rr 3914.48 (2) and 77 11 3913.46 (70). 

. Possibly weakly blended by Fe 11 3981.61 (pred.). 

. Blended with Het. 

. Weakly blended by Ti 1 4545.14 (15). 


wre | 


wm 


tremely weak and rather doubtful; and that atP—b*F, although weak, is fairly certain. 
The line \ 5527.3 (a*F 3, —a?D2,) is a conspicuous feature, immediately to the blue of the 
Fe u line, \ 5534.86 (lab. int. 4). In BF Cygni, \ 5527 is only slightly weaker than \ 5535; 
together théy constitute a very characteristic pair of lines. 
In the section on CI Cygni the presence of the new multiplet a‘ —b?F has been 
suggested as probable, although still provisional, pending additional observations. 
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[Fe III| and |Fe V|.—{Fe 111] is strong in RY Scuti, but the continuous background is 
also very intense in this star. In other objects, like MWC 17, MWC 349, R Aquarii, AG 
Pegasi, either [Fe 111] is not so well developed, or the object is too faint, or other features 
mask an important part of [Fem]. As for the novae, which at certain stages reveal 
strong [Fe 111] lines (RT Serpentis, DO Aquilae, DQ Herculis, RR Pictoris, etc.), the 
complex or broad structure of the emission features renders the analysis difficult. The 
object best adapted to a discussion of [Fe 111] is, at present, BF Cygni; yet even in this 
star several blends are present. We may use RY Scuti** and the Orion nebula’ to sup- 
plement the data. 

As for |Fe v], the situation is still less favorable because of more numerous possibilities 
of blends. The novae are not at the present time suitable for such a discussion. The best 
object is AX Persei, as it appeared around January, 1942. 

Table 6 and the accompanying notes summarize the essentials of the discussion. The 
following results should be added: 

a) Long exposures on BF Cygni and the Orion nebula, in the region of the forbidden 
[Fe multiplets 3d°D—3d’D (AA3239-3368) and 3d®*D—4s’S (AA 3322-3429), fail to 
reveal any trace of these transitions. The absence of °D—‘*D is especially striking, in 
view of the strength of °D—*P and *D—8F. 

b) In RY Scuti two faint lines measured at \ 4985.6 (1) and 5032.2 (0) have been at- 
tributed?’ to the °~D—#H transition of [Fe 11]. Wyse° also observed two faint lines at the 
same wave lengths in the Orion nebula. Yet, since no line is observed at these wave 
lengths in BF Cygni and since the corresponding [Fe v] transitions are not found in AX 
Persei, the identification of >D—*H transition needs confirmation. 

c) The °D—8G transition of [Fe v] is present, although very weak in AX Persei. The 
fact that the corresponding transition of |Fe 111] is not definitely observed in BF Cygni 


‘may be due to blends or to the proximity of strong lines. It should be searched for when 


other [Fe 111] stars with less complex spectra become known. 


II. OBSERVATIONS OF ABSORPTION SHELLS 


Previous papers of this series have helped to elucidate the properties of a very re- 
markable group of objects, which we have designated as ‘‘absorption shells”’ in order to 
distinguish them from other types of nebulous masses surrounding certain stars. These 
formations are usually associated with stars having exceptionally rapid projected com- 
ponents of equatorial rotation and are, therefore, believed to be ringlike structures locat- 
ed predominantly in the equatorial planes of the stars.*4 They are often variable in the 


23 Swings and Struve, Ap. J., 91, 546 (Tables 16 and 17), 1940. 
*4The argument runs as follows: Ordinary B-type stars show a statistical distribution of observed 


rotational velocities which is completely at variance with the relation W(V)dV = V/~/1—V?2+dV/V, 
(Unséld, Physik der Sternatmosphdren, p. 325, Berlin, 1938), which predicts the distribution of projected 
velocities, V, for an assembly of stars, all of which rotate with the equatorial velocity Vo and whose axes 
are distributed at random. The departure is in the sense of a large excess of small velocities, which proves 
that Vo is not constant. If we pick out from the entire material those B stars which have emission lines 
and especially if we, in addition, exclude the supergiants, we obtain an assembly which agrees quite closely 
with the predicted distribution for a value of Vo of the order of 250 km/sec. Finally, if we consider only 
those Be stars which have well-developed shells, we find that all have large rotational velocities, of the 
order of 250 km/sec or more. We conclude that, as a first approximation, the main-sequence Be stars 
may be regarded as a group of stars all members of which have intrinsically large rotations and whose 
axes are distributed at random. The shells form a still more restricted group, namely, not only one whose 
members are characterized by large rotations, but one whose axes are distributed approximately at right 
angles to the line of sight. Since the absorption features come from a mass of gas in which dilution of 
radiation plays an appreciable role, we conclude that the shells are ringlike structures concentrated in the 
equatorial planes of the stars, whose diameters are often of the order of three times the radii of the stars. 
This chain of arguments depends upon several important observational steps which have been derived 
from a relatively small amount of material. The correlation between rotation and presence of emission is 
well established. But heretofore only some two or three dozen stars with shells have been investigated. 
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TABLE 6 


[Fe 111] AND [Fe v] SPECTRA IN PECULIAR STARS 


[Fe 111] [Fe v] 
Int. in 
TRANSITION 
Orion Ax Per Ax Per, | Notes 
BF Cyg | RY Scu Neb. 
D—*F 42 4573.87 | abs 0? 0.3 3923.5 ? ? 12 
43....| 4607.03 0? 0 0.5 | 3911.1 abs ibs. 
44 4658.05 8 5 | 3891.8 3891.4 3+4 
3-2 4667 .01 3+4 bl 0 0.4 1 | 3850.8 3851.8 0 bl. 13 
3-3 4701.54 3 0.8 | 3838.9 3839.3 2 bl. 14 
2-2 4733.91 3 1 0.6 bl. 15 
3-4 4754.69 3 1 0.9 bl. 16 
2-3 4769 .43 2 1 0.8 | 3782.9 3784.2 1-2 
1-2.. 4777 .69 1-2 0 0.7 3755.5 3754.8 2 bl. 17 
0-2.. 4799 45 3735 2 3736.7 1 
4813.87 0.8 bl 2 3744.1 abs. abs. 
2-4 4824.14 abs abs abs 3764.8 abs abs. 
5p—3P 2-0....| 4883.93 abs. abs. 0.7 4229 8 abs abs. 
1-0 4930.54 0.5 4181.4 4180.6 1 
3-1 4936. 36 abs abs ae 4136.4 abs abs. 
2-1 5011.26 2 AS eee 3 4071.5 4071.4 2 
1-1 5060.35 2 0 0.8 4026.6 bl. bl. 16 
0-1 5084.77 abs abs abs. | 4003.2 4003.7 | 1-0 bl 18 
42 5151.93 abs. abs abs. | 3970.1 bl. bl. 19 
3-2 5270.41 ‘( 5 1.0 | 3895.7 3895 4 3 
2-2 5355.88 abs abs abs. | 3838.1 bl. bl. 20 
1-2 5411.98 |1-2bl.] abs. |....... 4 | 3798.2 bl. bl. 21 
0-2 5439 .93 abs abs abs 3777.4 abs abs 
43....| 3976.22 abs. 0.4? 3503.5 abs abs 
4-4 4008 35 bl. 5 3463 4 abs abs 
3-3 4046.43 1 bl abs 6 3445 4 bl. bl. 22 
4-5....| 4070.72 bl. 7 3430.3 3430.4 1-0 
3-4 4079.70 abs abs. 3406.6 3405.8 1-0 23 
2-3....| 4096.62 bl. 8 | 3400.3 3403 0 23 
1-3....| 4129.35 3 bl 0.2 bl 9 | 3368.9 abs abs 
2-4 4130.73 1 bl. 0.3 bl 10 | 3362.5 abs abs 
3-5....| 4144.32 0.7 bl 11 3374.6 abs abs 
NOTES TO TABLE 6 
1. In BF Cygni, blend with Fe 11 4666.75 (lab. int. 2). 
2. In BF Cygni and in the Orion nebula, blend with [Fe 11] 4814.56 (a‘F 44 — b*F,,,). 
3. In the Orion nebula, the line is unobservable i in the red wing of the intense {O 111] line. 
4. Blend with He 11 and [Fe 11] 5412.6 (a*F2,,—a?D1,,) (See Table 5). 
5. Blend with Het. 
6. Blend with Fe 1 4045.81 (lab. int. 400). 
7. In BF Cygni, blend with Fe 1 4071.74 (lab. int. 300), Cr 11 4070.90 (10), O 11 4072.16 (300). In the 


Orion nebula, blend with O 11. 
8. Too near N 111 4097.31. 


9. In BF Cygni, blend with Fe u 4128.73 (3) and Si 1 4128.05 (20); [Fe 111] is probably a contributor. 


In the Orion nebula the line is due to S711 and [Fe 111). 


10. In BF Cygni the line is mainly due to Sim; in the Orion nebula it is due to Si 1 and O11. 


11. In BF Cygni, blend with He 1 4143.76 and Fe 1 4143.87 (400); in the Orion nebula, mainly He 1. 


12. Near He1 3926.53. 


13. Weakly blended by [Fe v1] 3849 (*F2,,—?P,,). 
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14. Blended by a weaker line of [Fe v] (®D2—*P2). 

15. Blended with Ho. From the behavior of [Fe 11] we may expect this [Fe v] line to play a role in 
[Fe v] stages of novae or peculiar stars whenever the H lines are weak. 

16. Blended with He 1 4026.19. May be expected in [Fe v] objects when the Het lines are weak. 

17. For a discussion of this blend see paragraph on CI Cygni. 

18. From the behavior of [Fe tr] we may deduce that the line \ 4003.7 of Ax Per is not entirely 


due to [Fe v]. 
19. Blended by He. From the behavior of [Fe 111], we deduce that the [Fe v] transition is extremely 


20. Blend with a much stronger line of [Fe v] (®D3—*F3). 
21. Blend with Aho. 

22. Blend with O 111 3444.10 (fluorescence line). 

23. Difficult measures. 


intensity of their absorption lines, in radial velocity, and in ionization but are almost al- 
ways present only in stars which at the same time have bright lines. 

Since the recognition that these features originate in more or less detached shells or 
rings is of fairly recent origin, there is at present little observational material available 
for their discussion.”» In order to secure additional data we started in the summer of 
1942 on a program of observations covering all Be, Ae, and Fe stars catalogued by Mer- 
rill and Burwell,”® which are within reach of our Cassegrain spectrograph, equipped with 
quartz prisms and 500-mm camera (dispersion 50 A/mm at \ 4045, limiting photographic 
magnitude about 11.0). The purpose of this work was as follows: (1) to discover whether 
any of Merrill’s Be stars, not identifiable as absorption shells from his descriptions, have 
developed features similar to those which in recent years have appeared in Pleione and 
y Cas and have disappeared in B Mon A and in y Cas; (2) to investigate whether some 
of his Ae stars, or late Be stars, are in reality objects similar to the present condition of 
Pleione or 48 Librae; (3) to record changes in the bright lines; (4) to gather material for a 
test of the relation between rotational broadening of the absorption lines and the widths 
of the emission lines; and (5) to separate, wherever possible, genuine supergiant Be stars 
from shells which often mimic a supergiant spectrum, though in reality the exciting stars 
may be of relatively low luminosity. 

The observations are still in progress and a complete discussion will be deferred until 
later. The succeeding paragraphs give descriptions of four Be stars which we believe to 
possess absorption shells. A fifth, MWC 335 = HD 192954, has been turned over for dis- 
cussion to Mr. Arthur Broyles of the McDonald Observatory. 

MWC 346 = HD 195407.7—The spectrum of this star was described by Merrill,”* 
who found in 1921 and 1924 that the H lines had variable bright components, which were 
thought to be somewhat similar to those of @ Persei. Lines of helium and iron, presum- 
ably in absorption, were “‘very weak and seldom measured.” Several spectrograms 
taken by us at the McDonald Observatory in July, 1942, showed a remarkably strong 
shell-absorption spectrum of H and He 1 (see Pl. XXIII). The sharp H lines can be seen 
to Hx9 or H3o. The He 1 line, A 3965 (2'S—4'P°), whose lower level is metastable, is very 
strong and sharp. In addition, the members of the triplet series (28P°—n°D), AX 4472, 
4026, 3820, etc., are very sharp and strong, though the higher members of this series 
look as though they were superposed over broad and diffuse He 1 lines, presumably origi- 
nating in the reversing layer. The corresponding singlet lines (2'P°—n'D) Ad 4388, 4144, 
4009, etc., are extremely weak and probably greatly broadened. There is some indica- 
tion of very broad and weak lines of O 11 and of fairly sharp, weak lines of Fe m1. Ca 11 K 
is strong and sharp and may be of interstellar origin.2? The appearance of this kind of 


*6Struve, Ap. J., 95, 134, 1942. 

26 4p. J., 78, 87, 1933, and later lists. 

7a = 20260; 5 = 36°39’ (1900), mag. 7.1; Sp. B3e. 
Ap. J., 72, 108, 1930. 29 Ibid. 
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shell is a relatively rare occurrence, since the conditions for bringing out the He 1 triplets 
(28P°—n*D), but not the singlets (2'P°—n'D), are rather delicate. The abnormal stage 
of the spectrum of ¢ Persei and certain stages of the development of the shell spectrum of 
y Cassiopeiae were of this nature. The radial velocities from the absorption lines, re- 
duced to the sun, are given in Table 7. Merrill’s result was —74 km/sec. The difference 
in velocity between H and He is probably real. The spectral type of the underly:ng star 
is probably B1 or B2, because broad O 11 undoubtedly comes from the reversing layer and 
its rotational velocity is exceptionally large. The shell is not quite so early in type as 
that of y Cas in February, 1940, because the lines of Fe 11 are very weak in the shell of 
MWC 346. No lines of Fe 11 are clearly visible in the shell at the present time. Hence it 
is certain that the spectrum has undergone a marked change since 1920-24. The bright 
lines of H agree closely with Merrill’s description. The underlying wings of the H lines 


TABLE 7 


RADIAL VELOCITY OF MWC 346 FROM FOUR PLATES 
TAKEN JULY 16 AND 29, 1942 


Element | No. ofLines| Velocity Element | No. ofLines| Velocity 

| km/sec | km/sec 
7 —93 Ca 11 (interstellar) . 1 —31 


are weak but very broad. The Stark effect is conspicuous, and the star is of relatively 
low luminosity. 

MWC 303 = HD 172694.°°—According to Merrill,*! 78 and Hy have sharply detined 
absorption lines with emission on the violet edge. Several spectrograms taken at the Mc- 
Donald Observatory in July, 1942, show that this star is a representative of an interesting 
class of absorption shells for which we have been searching for a long time. The shell 
lines of H are weak; only H8, Hy, and Hé show them (see PI]. XXIV). The broad under- 
lying H wings are strong and show conspicuous Stark broadening. The star is of moderate 
luminosity and is certainly not a supergiant. The He 1 lines (2*P°—n*D), (2'P°—n'D), 
and (2'S—4!P°) are broadened by rapid rotation and belong to the B3 star. These lines 
show no sharp components. But the blend of H¢ and He 1 3889 (28S— 3P°) has a con- 
spicuous sharp central component. This is clearly the He I line which originates in the 
metastable level 2*S. In most shells this line is indistinguishable from the shell line of 
H¢. It is only in those rare shells in which H is highly ionized that the sensitive He 1 line 
becomes a useful indicator of the presence of an absorption shell. The next member of 
the series, \ 3188 (2°S—4%P°), is not often covered by the spectrograph but should, of 
course, be available even when H is strong in the shell. Since the type of the exciting 
star is B3 and since He 1 3889 is the only conspicuous shell line, we conclude that the 
density of the shell must be much lower than that of the shells of such stars as ¢ Per, 
¢ Tau, and vy Cas (February, 1940), all of which showed conspicuous shell lines of H. 
Heretofore the absence of strong H lines has been observed only in shells whose exciting 
stars are of relatively low temperature (14 Com). It is also clear that, while in general 
the shells form a definite sequence whose ionization runs parallel to, though lower than, 
that of the main spectral sequence of the exciting stars, there must be a large dispersion 
in the ionizations of individual shells, which undoubtedly corresponds to a large dis- 
persion in the densities of the shells. 

According to Merrill, the radial velocity from H, He 1, and Fe 1 was +56 km/sec in 


30 @ = 1836™5; 6 = —15°57’ (1900), mag. 8.3; Sp. Bpe. 3 Ap. J., 72, 105, 1930, 
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the interval 1921-25. Two plates taken on July 29 and 30, 1942, gave the following 


values: 
+26 km/sec Het (broad, \ 4026)......... + 6 km/sec 
Het (sharp, A 3889)......... +26 km/sec Ca u (interstellar)........... + 8 km/sec 


The large departure from Merrill’s value is probably significant. 

MWC 253 = HD 155851.*°—This spectrum has been briefly described by Merrill,** 
who finds that “the dark lines are very weak and the type is uncertain.”’ Our plate, taken 
on July 17, 1942, shows a sharp and fairly strong absorption core at \ 3889. The star is 
thus similar to HD 172694. The He 1 line must originate in a shell, since the rotational 
broadening of the triplet He 1 lines (28P°—n*D) is exceptionally great. The higher mem- 
bers of the H lines, beginning with He, show very weak absorption lines which are great- 
ly broadened by Stark effect and rotation. The star is of relatively low luminosity. Our 
measures give: Het ( 3889), —1 km/sec; Ca 1 (interstellar), —23 km/sec. 


TABLE 8 
RADIAL VELOCITY OF MWC 321 
Element July 4, 1942 ‘July 10, 1942 | Element 4, 1942 |July 10, 1942 
419(1) | +2001) | +10 (1) 


MWC 321 = HD 187399.3‘—This remarkable star has very sharp metallic absorption 
lines. HB is very strong in emission and fairly sharp. The He 1 lines are somewhat broad- 
ened, but not excessively so. The most interesting feature of the spectrum is a set of 
strong, sharp H components displaced toward the violet against the broad underlying H 
wings produced by Stark effect. This feature resembles the appearance of the H lines 
in 17 Leporis,*® and we consider it very probable that the star has an expanding shell, 
which gives rise to these displaced lines. Our plates were obtained on July 4 and 10, 
1942. In addition, we had at our disposal a plate taken on August 9, 1942, at the Lick 
Observatory, which was kindly sent to us by Dr. Neubauer. It should be noted that 
bright HB is much weaker, relative to the adjoining continuous spectrum on the Lick 
plate, than on the earlier McDonald plates. The variation is almost certainly real. The 
results of our measurements are as shown in Table 8. 


III. OBSERVATIONS OF Be STARS 


The normal Be stars which we have observed at the McDonald Observatory and a 
few unusual stars, for which more material will be required are described in this section. 
The data should be used in connection with the earlier descriptions ‘by Merrill and his 
collaborators.**> When we record ‘‘no change”’ we do not mean to imply that the emission 
features are constant, but only that there has been no significant change since Merrill’s 

82 = 179m); § = —32°34’ (1900), mag. 8.0, Sp. BOne. 

33. 4p. J., 76, 180, 1932. 

34q = 19h44™7; § = +29°10’ (1900), mag. 7.7; Sp. B9e8. Dr. Merrill has informed us that recent 
measurement of a plate taken at Mount Wilson on April 19, 1924, gives —66 km/sec for the mean of 


Hy and Hé and —13 km/sec for the other elements. The plate was slightly out of focus and the in- 
dividual settings were not very accurate. But it shows that the negative H velocity was definitely 


present in 1924. 
3 4p. J., 95, 468, 1942. 36 Esp. Ap. J., 61, 389, 1925; 76, 156, 1933; 78, 87, 1933. 
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last published description. It will be noted that there have been many changes, though 
only few have been spectacular. In several cases our plates allowed us to improve the 
spectral classification. Nearly all such cases consist in the addition of the designation 
“n.”’ It is most remarkable that the correlation between the existence of bright lines and 
rotational broadening of the absorption lines is even stronger than had been expected, 
This is due not only to the increased number of stars designated as “‘n”’ but also to the 
fact that several of the few remaining “‘s”’ stars are really supergiants. The number of 
main-sequence “‘s”’ stars with emission lines is very small, which is in good agreement 
with the hypothesis that all main-sequence Be stars have rapid rotations and that their 
“s” and “‘n” character depends mostly upon the orientation of the star’s axis. A detailed 
numerical study of this interesting phenomenon will be postponed until more observa- 
tions have been secured. 

Pending this discussion, it is already possible to state that the correlation between 
emission-line widths and rotational line-of-sight components derived from the absorp- 
tion lines is not perfect. This was already apparent from a study of the brighter Be 
stars,*” and it is again confirmed in the present work. Rapid rotation is apparently re- 
quired to produce the outer mass which gives rise to emission lines. These lines also 
show rotational Doppler broadening, but the amount of the broadening depends not 
only upon the rotation of the star and the inclination of its axis but also upon other fac- 
tors, such as the size of the shell. 

One other result may be mentioned at this time. The number of stars having very 
broad and shallow high, ultraviolet members of the Balmer series is unexpectedly large. 
These lines are usually much broader than the lines of He 1, and the broadening must, 
therefore, be ascribed to excessive Stark effect. 

Our plates do not cover the region of Ha. Hence absence of emission usually refers to 
Hg. The great extension of our quartz spectrograms into the ultraviolet region gave us 
an opportunity to record the behavior of the higher members of the Balmer series and to 
notice the surprising weakness of these lines in many Be stars. 


IV. MAIN CHARACTERISTICS AND EVOLUTION OF SHELLS 


A wide variety of gaseous shells have been observed recently,** and a general under- 
standing of their excitation mechanism has been reached.** Additional information pro- 
vided by more recent observations will be mentioned in this section. As is well known, 
there are found shells which show exclusively absorption features, others show only 
emission lines, and still others combine emission and absorption to different extents. 
These differences may be attributed to the properties of the underlying radiation. A 
recombination spectrum requires that the atoms considered be ionized by the underly- 
ing radiation. In stars like 17 Leporis or Pleione the continuous absorption in the star, 
beyond 912, must deplete the stellar radiation so that practically all the hydrogen 
atoms in the shell are neutral. Similarly, the ions Fe+, Tit, Mn*, Cr*, and V* will not 
be ionized a second time even at very low densities, because their second ionization po- 
tentials are slightly higher than that of hydrogen. The question arises why we do not 
observe strong recombination spectra of Fe 1 and the other neutral metals. Unless such 
emissions by recombination are very frequent, each individual line must be weak, be- 
cause the total intensity is distributed among a very large number of lines. 

The density in shells is always low enough for the fluorescence mechanism to be active. 
The resulting emission will depend on the quality of the radiation received by the atoms 
considered. In other words, the velocities of the atoms in the shell, relative to the re- 
versing layer, are of considerable importance. Let us consider, for example, hydrogen. 


37 Ap. J., 73, 94, 1931. 

38 Swings and Struve, Ap. J., 96, 254, 1942. 

39 Struve, Ap. J., 95, 134, 1942; Swings, Ap. J., 95, 112, 1942; also previous reports mentioned in 
these papers. 
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TABLE 9 
DESCRIPTION OF Be SPECTRA 


Dates of 
Observation 


Description 


wn 


mel 


7.24; 8.1 
26 


7.24 


w 
S 


~ 
oo 


11.23 
11.23; 11.24 


11.24 


— 
No 


11.27 
1.25 


No change; no emission at HB 

Hé is clearly visible as a bright line, but He is in absorption only; 
the higher members of the Balmer series in absorption are ex- 
tremely faint, broad, and diffuse; probably no change 

No change; no emission at HB, but absorption abnormally weak; ab- 
sorption lines of He 1, Sim, Fe 1 quite narrow, but H lines broader 
than in 6 Ori or a Cyg; probably not a supergiant; the last Bal- 
mer line is Ha, suggesting M = —1 

Type Bose; 8 almost continuous; Hy and Hé fairly sharp cores on 
broad absorption background; the Cam lines are very strong; 
H¢ is not appreciably enhanced by He1 in the shell; Merrill de- 
scribes HB as emission and Hy, Hé as continuous 

The absorption lines are exceptionally broad; Hf is a fairly strong 
single emission, Hy is a very broad absorption; Merrill described 
HB as continuous 

y Cas appeared in 1942 as a BOn star with very weak indication of 
emission at 18; numerous observations have been made at Yerkes 
Observatory 

No emission seen at 1/8; the H absorption lines are exceptionally 
strong and broad; the Het lines are moderately broadened by 
rotation 

Probably no change; the emission lines of 7 are strong and are seen 
as far as H¢; the higher members of the Balmer series are very 
broad and shallow 

HB in absorption; Ca is very strong; He 1 4472 is much stronger 
than Mg 11 4481; our plates suggest that the type is B3s 

Probably no change; the plate is underexposed at HB 

HB appears to be in absorption, perhaps with a trace of narrow emis- 
sion in the center 

HB and Hy are in emission; otherwise the spectrum is nearly con- 
tinuous, with very weak and broad lines of He 1 and of the higher 
nembers of the Balmer series 

No change; the type is B3ne, but the rotational broadening is not 
excessive; the higher Balmer lines are broad and weak 

Probably no change; the emission at 78 and Hy is very weak 

Probably no change 

This star shows a remarkable shell spectrum of H, but the He 1 lines 
are all broad, with the exception of \ 3888, which shows a slight 
enhancement as compared with neighboring members of the Bal- 
mer series; one plate shows a suspicion of a sharp Het line at 
\ 3965; 18 showsa very narrow, weak absorption line with a fairly 
strong emission line on the red side and a weaker emission line on 
the violet side; Hy shows only a strong, sharp absorption line; 
the other H lines have sharp absorption cores superposed over 
very broad wings produced by Stark effect; rotational broadening 
in the Het lines is large; the luminosity of this star is not great, 
as judged by the H wings 

No change; the higher members of the Balmer series are of normal 
intensity and width, in absorption 

Emission at H8 and Hy; type probably B3ne 

No emission 

No change 

Probably no change; H8 isa strong absorption line with a very weak 
emission line in the center 

Probably no change; the bright line at 1 is narrow and strong, su- 
perposed over a broad absorption line; Hy is in absorption only; 
the line spectrum of H and He 1 is unusually strong for a Be star, 
and the rotational broadening, though noticeable, is relatively 
small 
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TABLE 9—Continued 


Star Description 
MWC 140...... 11.25 No change; 8 isin emission; Hy is continuous; the higher members 
of the Balmer series are in absorption and are exceptionally weak, 
broad, and diffuse; the rotational broadening of the Het lines is 
very large 
11.25 No change 
i ee 11.25 No change; the He 1 lines are narrower than in most Be stars, though 
Merrill’s designation Blne is probably correct 
ae 11.25 Probably no change, although our plate does not show emission at Hy 
11.24 No change 
Our plate shows no emission at Hf 
7.3;7.5;7.6)| « Dra; B5ne; our plates show no emission at 
(re 7.4 No change 
FAT Probably no change 
1.17 No change 
ae 7.4 HB nearly continuous; Hy weak absorption 
B9ne; very weak, broad emission at Hf 
7.30 No change 
B5se; no emission on our plate 
7.24 HB and Hy in emission 
7.28 No change 
7.29 No change 
= See 7.24 Fairly strong, single emission at 178; weak emission at Hy; Hé ab- 
| sorption only 
5 fe HB strong absorption; Merrill describes it as double(?) emission, 
| 
7.24;7.29 | Nochange 
a 7-8: 10 | HB strong absorption; Merrill describes it as double emission, int. 1 
<a 7.24 HB emission very weak 
| HB almost continuous; Hy and Hé have sharp absorption compo- 
nents over very broad absorption line 
jE DR 7.24 | No emission at 18, but absorption line somewhat weak 
| B3ne; fairly strong emission; Hy shows a sharp absorption com- 
| ponent over a broad absorption line, with an indication of weak 
| double emission 
BED esis 7.12 | Probably no change; the H emission lines are very strong 
| Supergiant B9se; 18 weak emission 
AO: | HB, Hy moderately strong emissions 
| aioe 7.8; 7.10 | B3n; our plates show only absorption at 178; the H and Het lines 
| are broad and of normal intensity; the star must have possessed 
| ashell when Merrill observed it to have narrow H absorption lines 
| and very intense He1 4472, but the shell has completely disap- 
| peared 
1.83 7240; No change 
7.16 
Seo asics fsa: 1.405 HB in absorption, but there is a suspicion of widely spaced emission 
dake components, producing a shoulder in each wing 
i aaa VAS | Hy is very strong and broad absorption; 78 underexposed 
40s Remarkable supergiant spectrum; probably of P Cygni type; 
7,16 H¢ is strengthened and deepened by Het 3889, but, since all 
He lines are sharp, it is impossible to decide whether there is a 
shell in addition to the normal supergiant reversing layer; the 
presence of Mgit 4481 suggests that there is no appreciable 
dilution 
+ re 11.24 _ HB, Hy, Hé, and possibly He are in emission; the rest of the spec- 


trum is continuous with the exception of the interstellar Ca 
lines 
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TABLE 9—Continued 


Star 


MWC 328...... 
329 


11.24; 11.25; 


11.27 


Dates of 
Observation 
No change 
No emission at 76 or Hy 
7.29 
11.24 No change; Hy may have a weak absorption core between broad 
emission components; all higher members of the Balmer series are 
continuous; the He 1 lines are also nearly continuous, except per- 
haps \ 4472, which shows very broad and weak absorption 
7.10; 11.24 | HB emission fairly strong; probably no change 
7.1657.29 Emission at HB strong, at Hy weak; Hé is in absorption; the higher 
Balmer lines are very broad and shallow 
7.30 B3ne; no emission at HB 
7.16; 7.24 No change; the H absorption lines are exceptionally broad and shal- 
low 
7.16 HB in absorption only 
8.1 No change 
7.10: 7.24 No change 


This is an exceptionally interesting star; the H lines consist of strong, 
double emission components, the intensity of the red component 
being two or three times greater than that of the violet; between 
the emission components are sharp, narrow absorption compo- 
nents, characteristic of shells; the emission components can be 
traced to about Hy or H,;, while the sharp shell absorption lines 
extend at least to Hy, or H,s, where they are lost because of un- 
derexposure; in addition, there are strong permitted emission lines 
of Fe u, all of which are somewhat diffuse but show no duplicity; 
the strongest Fe 11 lines have sharp absorption lines on the violet 
sides and therefore resemble P Cygni lines; the line Fe 1 4232 is 
of about the same intensity as the stronger component of H5; 
there is a weak emission line of Mg 11 4481 and a suspicion of the 
Sit group at A 3860; but the Sz pair \ 4128, \ 4130 is absent; 
there are no absorption lines other than those mentioned, except- 
ing only a relatively weak, interstellar line of Ca 1 K; consider- 
ing that the photographic magnitude is 10.8, the small intensity 
of Catt K suggests a relatively low luminosity; the most impor- 
tant emission lines are as follows: 


| | 
| | INTENSITY | INTENSITY 
| 
Star | Lab. || Star | Lab. 
| Si113856....... 8 || Mg114481..... 2 | 100 
.| 2+3 | 80 Fe 11 4508...... 3 8 
.|4+6 | 100 || Fem4515...... 4 7 
| Fem4i73.......) 2] 8 || Fe1m4520) 
| Fem4i79.......| 2 8 || Fe \9 
6 11 || Ferr4549...... 10 
[Fem] 4277......| 1-0 ]...... | Fer 4584...... 5 11 
[Fe 1] 4287......] 1-2 ]...... | Fer 4621...... 1-0| 3 
| Fem 4297.......| 1-0 6 || 4629...... 4 7 
Fe 11 4303.......| 1 8 15 | 500 
| [Fe 11] 4359... ...| 
| 4385.......| 2 7 
| [Fe 11] 4414) | | 
| [Feu] 4416}..... 
| Fer 4417 } 7 
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TABLE 9—Continued 


Star Description 
MWCS43...... 7.10: 7.24: HB, Hy, and Hé show faint, sharp absorption cores superposed over 
1325 very broad and shallow H lines; in H8 two widely spaced emission 
components are just discernible 
<a 14037 24 Emission is strong at H@ and fairly strong at Hy; Hé is in absorp- 
tion only; Merrill describes Hy as absorption 
ae 7.17 Supergiant; the appearance of H8 suggests P Cygni structure, with 
weak emission; the H lines are relatively weak; the last Balmer 
line is Hi7, which would suggest M = —3.8 if the type is B1; how- 
ever, the appearance of the other lines, notably the great strength 
and sharpness of Sitv and N 11, imply a higher luminosity; it is 
probable that H is intrinsically weak 
ce ae 4-16; 7.29 Emission is strong and can be seen to He or Hf; it is fairly promi- 
nent in Hé 
aoe 7.24; 7.29 HB emission; the Ca 1 line is very weak for type B9ne or B8ne 
7:25 No emission at Hy; plate underexposed at 
7.30 55 Cyg; no emission at supergiant 
Strong emission, visible as far as the higher members of the 
Balmer series and the He 1 lines are very weak, broad, and shallow 
Ls Page Tal B2ne; H8 is continuous; Hy shows only weak absorption; Merrill 
describes H8 and Hy as strong emission lines 
i ae “ots No change; the emission components of 8 are very widely spaced 
426 No change; the higher members of the Balmer series are exceptional- 
ly broad, shallow, and weak 
7 24: 7.26 Supergiant; no emission at H8 
Weak emission at H8 and a suggestion of weak, sharp absorption 
7.30 core at Hy; the higher members of the Balmer series are very 
weak, broad, and shallow 
geben a |e Very weak emission is suspected at //y and //6 in the centers of 
: | broad and diffuse absorption lines; the plate is underexposed at HB 


If the underlying star has strong, deep Lyman absorption lines and if the shell is station- 
ary or expanding or contracting slowly, only a small part of the H atoms in the shell will 
be raised to the levels = 3,4,..... If the shell is expanding or contracting rapidly, the 
absorption lines of the atoms in the shell may be shifted by the Doppler effect outside 
the absorption lines of the star, and fluorescence will operate. In such a case emission 
lines must be expected. Their intensity will depend essentially on the velocity and densi- 
ty distributions in the shell. 

Evidently, if the underlying radiation is not depleted in those wave-length ranges 
which may be absorbed by atoms of the shell, fluorescence and recombination, excited 
by underlying radiation, will operate. This is the case, for example, in opaque shells con- 
taining their own photosphere, such as in P Cygnior in Wolf-Rayet stars. Yet, here also, 
care should be exercised because of stratification effects. 

It may be pointed out that, since the fluorescence excitation in the shell depends on 
the velocities of the atoms, different shell lines of a specified atom (also lines belonging to 
different atoms) may give different profiles and radial velocities, both of the absorption 
and of the emission components. Actually, the physical interpretation of the profiles and 
of the measured line displacements is a matter of extreme complexity in shell stars. For 
example, the radial velocities of the Het triplets may be different from those of the 
singlets; such differences have been measured by Merrill*® in AG Pegasi. 

The essential cause of ejection is not yet clear in any type of shell (even Wolf-Rayet 


40 Ap. J., 95, 386, 1942. 
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stars or novae), although the rather safe assumption may be made that radiation pres- 
sure is an important factor. In the course of the evolution of a shell a slight change in 
density or velocity distribution or in the “quality” of the exciting radiation may appear, 
which enhances the fluorescence excitation. As a consequence, the selective radiation 
pressure in the resonance lines will increase, and a more or less sudden ejective outburst 
will result, owing to the fact that the increased velocity of the shell, relative to the re- 
versing layer, displaces the shell absorption lines outside the depleted stellar regions. 
This explains the more or less sudden appearance of bright lines excited by fluorescence. 
The expansion will eventually slow down in the lower levels of the shell because of the 
radiation pressure from the Lyman a flux of the outer shell. Whereas a shell outburst is 
more or less sudden, the subsequent evolution will be much slower. 

That turbulence and axial rotation play an important role in the fluorescence excita- 
tion is obvious. Let us consider the simple case of a nonexpanding shell surrounding a 
star with strong Balmer absorption lines. If the system does not rotate, or if it rotates as 
a solid body, the radiation reaching the shell will be considerably depleted in the wave 
lengths needed for the excitation of the hydrogen lines through Lyman line absorption. 
On the other hand, if the shell rotates with an angular velocity different from that of the 
central star, the underlying radiation reaching a specific point in the shell will be shifted 
by Doppler effect, and part of the exciting radiation may be able to excite the hydrogen 
atoms. Hence, axial rotation should be considered not only as a dynamical agent in the 
formation of a shell but also as a mechanism influencing the fluorescence excitation and 
the expansion which might possibly result from the corresponding radiation pressure. 

These considerations may help in answering some of the puzzling questions concern- 
ing the formation and evolution of shells and the essential characteristics of their spectra. 
An extreme case which illustrates clearly the phenomena is that of the “nitrogen flaring 
stages” of novae. These stages in Nova Geminorum (1912) were described by W. H. 
Wright.*! The following general description is quoted from Wright: 


The ‘‘4640” stage is produced by the development of the enhanced nitrogen radiations into 
broad nebulous bands, while the “ordinary” lines—assuming their behavior to be indicated by 
that of 3995 A—retain the normal structure. The phenomenon is accompanied by the complete 
or partial extinction of the “enhanced helium” radiation at 4686 A, and that of the emission, 
which sometimes accompanies it in the spectra of the nebulae, in position 3445 A. The ‘‘4640” 
stage, while it has generally been regarded as antecedent to the “‘nebular”’ stage, has been found 
to occur for short intervals of time during a long period after the latter stage has become estab- 
lished. It develops with great suddenness, and the transformation appears to be associated with 
marked fluctuations of the star.‘ 


Bowen has suggested** that the concentration of the NV 111 452 line emitted at the end 
of the fluorescence transitions of O 111 and N 11 may become very large. ‘‘It may be this 
high radiation density of the resonance lines of V 11 that causes the nitrogen to appear 
to ‘blow up’ at certain stages of the development of the novae, as indicated by the very 
sudden and marked widening of the nitrogen lines.”’ 

We want to discuss this hypothesis and its spectroscopic consequences in the case of 
an expanding atmosphere. Before attempting this, the following considerations regard- 
ing the forbidden and permitted lines arising in a nebulous envelope which is growing out- 
ward and dissipating itself must be mentioned. 

1. There exists in the deep layers of novae a general physical stratification which more 
or less resembles that of Wolf-Rayet stars, while in the outer layers the stratification is 
of the nebular type. The spatial distribution of the atoms emitting a specific line depends 


| Lick Obs. Pub., 14, Part II, 90, 1925. Important observational information on this problem was 
kindly given to one of us (P. S.) by Dr. W. H. Wright, of the Lick Observatory; this help is gratefully 
acknowledged. 


“2 81, 412, 1921. Ad. 1, 1955. 
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on the excitation mechanism of the line, on the required ionization, and on the transition 
probabilities. For example, from the observations of widths, as well as from the relative 
values of the ionization potentials of He* (54.14 v.) and V** (47.2 v.), we should expect 
the He 11 recombination spectrum to be emitted in deeper layers than the NV 111 recom- 
bination spectrum. A recent investigation of the spectrum of Nova Herculis showed that 
the velocities of expansion measured for different atoms of the nebulosity are different, 
which also suggests stratification.** 

2. Nova shells are often characterized by a lack of spherical symmetry in the distribu- 
tion of expanding matter. In Nova Aquilae 1918, which grew into a visible disk, the dif- 
ferent maxima of the bright bands came from different regions of the disk. Outbursts of 
N 111 radiation were observed only in the central portion of Nova Aquilae; they were ac- 
companied by a temporary fading of the He 11 line \ 4686 in the center of the disk, while 
the \ 4686 radiation remained unaffected in the outer regions. 

3. Any change in the exciting radiation will require a “relaxation time”’ to influence 
to a given extent the emission of a specific line in a specific region of the nebulosity.* As 
a consequence of these facts, a change in the exciting source will, at a given time, affect 
in a different way the total intensities and the profiles of the lines arising in the nova 
atmosphere. 

The relative importance of the recombination and of Bowen’s fluorescence mechanism 
in the emission of O 111 and N 111 lines has been discussed in a previous paper.*® A sudden 
increase in selective radiation pressure due to the absorption of accumulated N 1 452 
photons may arise from a sudden variation in velocity gradient or in stratification such 
as would result from a variation in the amount of matter ejected per unit time. Such 
modification can evidently be expected in the course of the evolution of a nova in the 
nebular stage. When the ejection of nitrogen has become a predominant feature, the 
velocity and stratification conditions, which were favorable to Bowen’s fluorescence, are 
destroyed. As a result the selective radiation pressure disappears, and after a rather 
short time the deep layers resume their more quiescent state. Bowen’s hypothesis, com- 
bined with the considerations of velocity and stratification outlined here, may thus ex- 
plain, at least qualitatively, sudden and temporary nitrogen outbursts. 

The spectroscopic effects of a nitrogen outburst are evidently different for the follow- 
ing three categories of lines, differing with respect to the location of the corresponding 
emitting atoms: (1) the outer parts of the atmosphere, lying outside the regions where 
N 111 is emitted; (2) the V 111 emitting layers; and (3) the inner parts of the Wolf-Rayet 
layers, lying inside the regions of .V 111 emission. 

In the N 111 layers the enhancement of the incomplete fluorescence multiplets of V 1m 
must disappear and give place to a pure recombination spectrum, plus possibly a fluores- 
cence excited by the ‘‘continuous”’ underlying radiation. Once the doubly ionized atoms 
have been ejected, their ionization may be modified, and we may thus also expect broad 
bands of N 1v and probably of N 1. Other chemical elements may be dragged with the 
nitrogen, especially the very abundant hydrogen, and this would explain the faint, broad 
bands of hydrogen that have been observed. If the emission of V 0, 111, or Iv is also part- 
ly excited by the underlying radiation, together with the recombination mechanism, we 
may expect certain selectivities of the types discussed in previous papers.*7 While no 
such selectivity is conspicuous in Nova Geminorum 1912 for NV 101 and N tv, it may help 
in explaining the observed behavior of NV 11.** 


44 Swings and Struve, Ap. J., 96, 468, 1942. 

45 Tn the case of the nebular shell of Z Andromedae, the calculated value of the relaxation time for the 
hydrogen emission was three or four weeks (Ap. J., 93, 356, 1941). 

46 Ap. J., 96, 254, 1942. 47 Ap. J., 96, 254, 1942. 


48 V 11 3995 (3s'P°—3p'P, exc. pot. 18.4 and 21.5 v.) persists undisturbed, in striking contrast to the 
N untlines. On the other hand, the N 11 lines, \ 5667 and \ 5680 (3s*P°—3p*D, exc. pot. 18.4 and 20.6 v.), 
“sometimes follow the behavior of \ 4640 by becoming hazy when it flares and sometimes remain un- 
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The emission arising from the deepest Wolf-Rayet layers will be reduced by the con- 
tinuous absorption of the flaring layers. The opacity associated with outer shells has been 
investigated recently;** it is probably the reason for the disappearance of the bright 
lines of O utand He u. The replacement of the emission of \ 4686 by an absorption fea- 
ture is not surprising, since this absorption requires singly ionized atoms which may be 

resent on the outskirts of the nucleus, whereas the recombination line \ 4686 requires 
He + ions, which are more abundant in the deepest layers. 

Summarizing, we may say that, when an adequate variation of the velocity gradient 
or stratification in the nova shells or of the quality of the underlying radiation appears, 
Bowen’s fluorescence mechanism of He 11, O 111, and N 11 may become prominent. The 
selective radiation pressure by the accumulating quanta N 11 452 may expel suddenly 
the N++ atoms (Bowen’s suggestion), thus giving rise to very broad N m1 and N Iv 
bands. Since this abnormal ejection destroys the conditions required for Bowen’s fluor- 
escence mechanism, the outburst is only temporary. Its spectroscopic effects depend on 
the location of the atoms considered. The variation in the exciting nucleus reacts on the 
intensities and profiles of the nebular lines arising from the outer nebulosity. The re- 
sulting line modifications depend on the distribution of matter and physical conditions 
in the nebulosity and on the various relaxation times. The most striking changes appear 
in the lines arising in the deepest Wolf-Rayet layers, which are completely removed by 
the continuous absorption of the flaring shell; the He 11 emission line arising in the inner 
Wolf-Rayet layers may even be replaced by an He 11 absorption line arising in the out- 
skirts of the Wolf-Rayet “‘nucleus.”’ 

Eventually, this mechanism may possibly help in explaining the formation of peculiar 
associations such as have been observed in BD+30°3639, HD 167362,5° and NGC 40, 
in which a pure carbon nucleus WC is surrounded by a nebulosity rich in nitrogen 
(characterized by strong [NV 11] lines). It is known that other planetary nuclei containing 
both carbon and nitrogen are also surrounded by a nebulosity showing strong [N 11] lines 
(e.g., IC 418, IC 4997, NGC 6572, NGC 6210). 

The general analogy of the nitrogen flaring stages of novae with the less spectacular 
variations observed in the Of, P Cygni, and Be stars is obvious. 
altered”’ (Wright). The relative intensities and the profiles of the V 1 emission lines arising in the outer 
regions will not be very disturbed but the part arising from the flaring regions may reveal peculiar selec- 
tivity effects; due to a fluorescence excited by the underlying radiation. 

49 Struve, Proc. Nat. Acad., 26, 117, 1940; Swings and Struve, Ap. J., 94, 291, 1941; Baldwin, Ap. J., 
94, 283, 1941. 

50 Better spectrograms than hitherto available have been obtained recently for the stellar planetary 
HD 167362 (see Pl. XXV). Besides the lines listed in our first report on this object (Proc. Nat. Acad., 26, 
454, 1940), the following lines are observed: C 11: 4267.2 (int. 2); C mt: 4325.7 (2) and 5272.6 (1); Het: 
3964.7 (1), 4713.1 (1), 4921.9 (1), and 5015.7 (2); O1m: 3961.6 (1-0). 
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BD+14°3887, A PECULIAR Be STAR SHOWING EMISSION LINES OF 
Nat, [Fe m], AND Het; WITH A NOTE ON THE SPECTRUM 
OF CD-27°11944* 


J. W. SWENSSON 
McDonald and Yerkes Observatories 
Received January 4, 1943 


ABSTRACT 


The peculiar Be star, BD+14°3887, shows emission lines of H, Het, Feu, [Feu], [Fe ut}, Cro, 
Mgt, Mgu, and Nat. The combination of bright [Fe m1], He 1, and Vat lines is unusual. The absolute 
magnitude of the star, the mechanisms of excitation of the emission lines, and the properties of the shel] 


are discussed. 
New lines are found in the P Cygni star, CD—27°11944. Among these are the two permitted 


Fe multiplets, — 4p*P® and a®D — 4p°P°, which are sensitive to dilution effects. 


Merrill' has called attention to the presence of bright lines of hydrogen and ionized 
iron in the spectrum of BD+14°3887.? A more extensive study based on spectrograms 
obtained at the McDonald Observatory reveals many interesting features which consti- 
tute the object of the present paper. Seven spectrograms were taken between July 3 
and July 27, 1942; they cover the region AX 3370-6600, with various dispersions ranging 
from 40 to 100A/mm at d 3933; the exposures varied between 1°40™ and 7520™. 

An enlargement of the spectrogram obtained on July 27 is reproduced in Plate XXVI. 
The measured absorption and emission lines, reduced to the sun, are collected in Table 1. 
The laboratory wave lengths and intensities were taken from the usual tables.* Owing to 
the disparity of the radial velocities given by the different elements, the wave lengths 
have not been corrected for the motion of the star. In order to settle the question as to 
whether or not the object belongs to the same class of binaries as RW Hya, Z And, AX 
Per, CI Cyg, T CBr, RS Oph, BF Cyg, R Aqr, etc., a search for the bands of 770, C2, and 
CN was made by comparing our low-dispersion spectrograms with the spectra of typical 
late-type stars. No late-type absorption features were present in July, 1942.. The inter- 
stellar H and K lines, as well as the broad, unidentified interstellar band around A 4430 
are present; but the H line of Ca 11 is blended with the P Cygni absorption component of 
He. A line measured at \ 6280 is probably Merrill’s unidentified, diffuse interstellar line 
at \ 6284. The interstellar D lines have not been observed, but this may be due to the 
very low dispersion of our spectrogram covering the yellow region. 

The spectra show lines due to H, Het, Feu, |Fe uj, [Fe m1), Cru, Mg1, Mg u, and 
Nat. Comparisons between our spectrograms covering a period of three weeks reveal 
differences which appear to be real; it is planned to investigate these spectral variations 
at some later time. The object is not listed as a variable star. 

H.—The Balmer series is observed in emission to //s. H6 has a faint violet-absorption 
component. The P Cygni absorption component of He is blended with the neighboring 
interstellar line of Ca 1. Hg is blended with He 1 3889. Hy and Ho appear essentially in 
absorption, but Hy may have a faint emission on its red side. No appreciable Balmer 
continuum is observed on our spectrogram extending to d 3370. 

* Contributions from the McDonald Observatory, University of Texas, No. 65. 

1 Ap. J., 65, 292, 1927. 

2 MWC 314; a (1900) = 19517™0; 6 (1900) = +14°42’; m,;, = 9.5 (in BD cat.); spectrum Bep. 


3 Fett: J. C. Dobbie, Ann. Solar Phys. Obs., 5, Part I, 1938; Fem: B. Edlén and P. Swings, Ap. J. 
95, 532, 1942; all other elements: C. E. Moore, A Multiplet Table of Astrophysical Interest. 
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TABLE 1 


LINES IN BD+14°3887 


| IDENTIFICATION 
| Int.* Nt = NoTE 
| Element Int. 
OA 1 Hyo 3797.90 |......... 1 
1A 1 Het 3819.61 4 
{Het 3888.65 10 
3E 4 3889.05 |.........) 3 
4A 4 Cal 3933.68 400 
Bras 2E 1 Het 3964.73 4 4 
4A 4 {Cau 3968.49 350 
1-2A) 1 
OE 2 Feu 4178 86 8 
2E 3 Feu 4233.17 11 
| O-1E 1 [Fe 11] 
1E 3 Feu 4314.29 4 7 
7E 5 Hy | 4300.48 |......... 
3E 3 Feu | 4351.76 9 
| 4357.57) 4 
| 2E 2 (Fe 11] 4359.34 |......... 
[Feu 4385.38 7 
3E 3 Het 4387 93 3 7 
| 2E 3 Feu 4416.82 7 7 
..|  4E 3 Hex 4471.48 6 
{4481.14 
| 0-1E 2 Mgu “4481.34 100 7 
eal 3E 4 Feu 4491.40 5 7 
ea 3E 3 Feu 4508.28 8 7 
— 3E 3 Feu 4515.34 7 7 
3E 3 Feu 1452263 9 7 
1-2E 4 Feu 4549.47 10 7 
2-3E 4 Feu 4555.89 8 
3E 4 Feu 4583.83 11 
2 (Cru 4618.79) 10 
3E 3 Feu 4629.34 7 
2E 2 | Fe 11} 
1-0E 1 Cri 4824.14 10 
2E | 2 Crir 4848 26 8 8 
10E | 4 | HB 4861.34 |.........| 
| 6K | 2 | Her 4921.93 4 
| {Het 5015.68 6 
‘Fe | 5018.43 12 


age wave length. 


* A and E designate absorption and emission features, respectively. The intensities are eye estimates 
based on a scale of 0-12, 0 indicating a very faint feature. Unidentified lines of intensity 0 have not been in- 
cluded in the table. For lines appearing on more than one spectrogram the average of the independent inten- 
sity estimates is given. 

t NV designates the number of spectrograms from which measures were taken in determining the aver- 
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TABLE 1—Continued 


IDENTIFICATION 


Int.* Nt Note 

Element Int. 
7-8E 1 Fett 5169.03 12 
2E 1 Ver 5183.62 125 
2E 1 Fem 5197.57 6 | 
3E 1 Feu 5234.63 7 
1E 1 Fett 5260.33 5 
{[Fe 111] 5270.41 

2?E 1 3275 99 > 
21> 5316.61 8 
| 3E 1 Fei 5316.78 4 
| 1 Feu 5362.86 5 
7E 1 Het 5875.62 10 
5889 98 8 
3-4E 1 Nat 5895 O4 10 
12E 1 Ha 6562.82 


NOTES TO TABLE 1 


1. Pure absorption. 

2. Faint P Cygni emission also present. 

3. On July 27, 1942, this line was due to Het only, since He was absent or extremely 
weak. 

4. Observed on only one spectrogram; however, it seems to be real. 

5. On July 27, 1942, He was very weak or absent, whereas it was strong on the other 
spectrograms (see n. 3). 

6. Measure difficult. A faint P Cygni absorption component is present on the four spec- 
trograms of highest dispersion. 

7. Measure difficult. 

8. This line is one of the strongest, unblended Cr lines in RS Ophiuchi (in emission, 
Swings and Struve, Ap. J., 97, 194, 1943) and in a Cygni (in absorption, Struve and Swings, 
Ap. J., 94, 344, 1941). 


Het triplets.— 3889(2s°S — 3p*P°) is blended with Hs. The 2p*P° — md®D series 
is represented by 5876 (2p*P° — 3d°D) and 4471(2p?P® — 4d’D) in emission and by 
3820 (2p*P® — 6d*D) in absorption; 4026 (2p*P°® — 5d*°D) seems to be absent. 

Singlets. —The following singlets are blended with Fe 11 lines: AX 4922 (2p'P® — 4d'D), 
4388 (2p'P® — 5d'D), 5016 (2s'S — 3p'P°). The line \ 3965 (2s'S — 4p'P°), which is un- 
blended, is found on only one spectrogram. 

Intensity ratio of the triplets and singlets.—This is difficult to estimate because of blends. 
But the triplets are certainly much stronger than the singlets of corresponding spectro- 
scopic notation. 

Fe 11.—The observed lines of Fe 11 are rather broad and diffuse. The line intensities 
are given in Table 2. Inso far as the intensities are only eye estimates, differences among 
the spectrograms may or may not be real; but the following markedly anomalous inten- 
sities are to be noted: the weakness of the \ 4233 line in comparison to the other mem- 
bers of the btP—z*D® multiplet, the extreme weakness or absence of the \ 4303(lab. int. 
8) line of the same multiplet, and the great strength of \A4924, 5018, 5169 of the a°S—z°P° 
multiplet.. The intensity of the first two lines is explained at least in part by blends with 
He 14922 and He 1 5016, respectively. The line \ 5169 appears slightly too strong for its 
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TABLE 2 


OBSERVED EMISSION LINES OF Fe 11 


| | | OBSERVED INTENSITY* 
(Low E.P.~Hicu E.P.) | | (Dossier) | (DosBiE) | 
| July 3 | July 5 | July 12 | July 27 
| 
(2.6v.-5.5v.)......| 23-34 & 0 0 
b‘P-z‘D° 
(2.6-5.5)..........| 21-34 4233.17 | 0 1 
13-23 4351.76 | 4 )4 4.3 2 
8-5.6).......... 4385.38 3 | 3 3 2 
| 
| | | | 
(33-28 | [4489.19 | 4 | 
(2.8-5.6) go | 5 3 2 | 0 3 
(2. 8-5.6) 23-2} 4515.34 7 3 3 | 3 
(2. 8-5.5) 43-33 4520.23 | 7 3 3 | 1 3 4 
(2.8-5.5) 34-31 4555.89 | 8 3 3 | 2 5 
(2.8-5.5) 43-4} 4629.34 | 7 5 3 2 3 6 
| 
| | | @ | | 1 3 
(2 8-56) 23-1} 4522.63 | 9 | 3 | 3 1 3 4 
(2.8-5 5) 34-21 4549.47 | 10 | 1 | 2 | @ 2 7 
(2.8-5.5) 43-31 4583.83 3 8 
(2.8-5.5). 33-33 4620.51 | 3 9 
(2.9-5.4) 23-1} 4923.92 | 12 |.......| 6 a eee 10 
(2.9-5.3) 23-23 5018.43 | 11 
| | | 
a'G—z'F° 
(3.2-5 6). 24-14 5197.57 | 2 
(3.2-5.6). 33-2} 5234.62 | 3 3 
(3.1-5.5) 53-43 (5316.61 | 8 | 
(3.2-5 5) 33-23 (5316.78 4 
(3.2-5.5) 44-31 5362.86 ; 1 


* When no intensity is given, the line was not measured or observed. 
NOTES TO TABLE 2 

1. The line is abnormally weak. 

2. The line is probably a blend with He 1 4388. 

3. The observed line is rather strong for Dobbie’s intensity. Its identification with [Fe 1] is dis- 
cussed under | Fe 11]. 

4. The lines are blended. 

5. This line, as a blend with Cr 1m 4558.65(20), is considered under Cr 11. 

6. This line, as a blend with Cr 11 4634.08(10), is considered under Cru. 


- 
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7. The line is a little weak for its laboratory intensity. 

8. This line, as a blend with Cr m 4588.21(15), is considered under Cr 11. 

9. The observed line is abnormally strong for the laboratory intensity 3. It is considered as a blend 
with Crm 4619 under Cr 11. 

10. The line is a blend with He 1 4922. 

11. The line is a blend with He 1 5016. 


laboratory intensity in Z Canis Majoris‘ also. No absorption components are found for 
the members of this sextet as in Z Canis Majoris.’ Aside from the anomalies here men- 
tioned, the intensities agree well with those found in the laboratory. 

|Fe 11].—The line measured at \ 4359 is identified as a blend of [Fe 1] 4359 and Fen 
4358. The role played by the permitted transition in this blend, if any, is probably 
minor. Fe 11 4358 (unclassified in Dobbie) is probably a high-level line, since most of the 
low-level lines have been classified. Since the observed Fe 11 lines all arise from low levels 
and since the permitted line \ 4358 is absent in bright-line stars having strong Fe 1 
lines, it seems very improbable that the permitted transition could play a significant 
role in the blend. [Fe 11] 4287 appears also as a faint line on the spectrogram of July 5. 

[Fe 111].—The strongest line, \ 4658(°D, — *F4), is observed on our spectrograms of 
July 12 and 27. The line \ 5270.4 (°D3 — *Pz2) is blended with Fe 11 5276. 

Cr 11.—The stellar line measured at \ 4620.4 is much too strong to be attributed to 
Fe 11 4621 (lab. int. 3) only; Cr 1 4619 must contribute appreciably. However, the line 
\ 4621 also appears abnormally strong in Z Canis Majoris,* a star in which Cr 11 has not 
been definitely identified. The line measured at \ 4848.4 is due to Cr 11; it is one of the 
strongest Cr 11 lines in all stellar spectra in which Cr 11 is observed. The contributions of 
the Cr 11 lines AX 4559, 4588, 4634 to blends with Fe 11 are probably minor, since the esti- 
mated stellar intensities agree fairly well with Dobbie’s values. Cr 11 4824 is found on our 
spectrogram of July 27. 

Mg 1.—\ 5184 is present in emission. 

Mg u.—A faint emission line at \ 4482 was measured on two of the spectrograms. 

Nat.—The blended D lines are present in emission. HD 190073, CD-27°11944, and 
y Cassiopeiae are the only other stars, aside from the novae, known to the author to have 
in emission. 

Radial velocities —The values obtained have little accuracy owing to the great width 
of the lines. The emission lines give the following results: 


HB, vy, 6: = +53 km/sec’, He 1 4472: dpa = +34 km/sec , 
Het 3965: vraa = +72 km/sec, 


Fe 1 (from Ad 4629, 4584, 4549, 4515, 4233, 4179): dpa = +54(+30) km, sec. 
From the absorption lines we obtain the following ejection velocities: 
= —140 km/sec , 
He 1 3820 (abs.) compared with He 1 4472 (em.): vj; = —104 km/sec . 


Absolute magnitude of the star—The star is located on the edge of the great rift in 
Aquila,® a region known for its high obscuration. That a considerable amount of redden- 


4 P. Swings and O. Struve, A p. J., 96, 259, 1942. 5 Tbid., p. 258. 8 Tbid., p. 259. 

7 Merrill finds +33 km/sec from HB and Hy (loc. cit.). Our value obtained from 1/8, y, 6 is much 
more accurate than the value from the Fe 1 lines. 

8 See F. E. Ross and M. R. Calvert, Adlas of the Milky Way, P|. XIII; 142 mm from the left edge 
and 169 mm from the top edge. 
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ing takes place is indicated by the weakness of the ultraviolet region of the spectrum of 
this hot star. 

In a peculiar object, such as the present one, determinations of distance based on the 
interstellar K line® are subject to considerable doubt, since it is possible that absorption 
in the shell contributes to some extent to the intensity and position of the observed line. 
From the example of HD 190073,!° it is clear that great caution has to be exercised in 
interpreting the Ca 11 profiles in shells. 

Careful measurements of the radial velocity from the K line give a value of —7 km/ 
sec, which, interpreted on the basis of pure galactic rotation, would indicate a distance of 
about 1300 parsecs. Besides the uncertainty residing in the pure application of the galac- 
tic-rotation formula, the measured radial velocity may be in error by several km/sec, so 
that the distance is rather uncertain, even assuming that the shell does not contribute to 
the line. 

Two microphotometric measurements of the equivalent width of K give 0.8 and 1.0 A, 
with possible errors of 10-20 per cent. Adopting a minimum value of the equivalent 
width of 0.6 A, the stellar distance on the basis of Evans’ formula"! is of the order of 1800 
parsecs. This determination is also subject to considerable uncertainty. 

A more reliable value of the distance has been obtained by the following method: By 
comparing the distribution of light in the continuum of BD+14°3887 with that in the 
spectra of late-type stars taken with the same spectrograph and emulsion, a color about 
equal to that of a gG2-3 or dG4-5 star is indicated, whereas the excitation is about that 
of a B2 star, yielding a color excess of roughly 1.3 mag.” 

An apparent photographic magnitude of 10.9 + 0.3 is obtained by comparing the star 
on the Franklin-Adams charts with stars in a neighboring region, for which accurate mag- 
nitudes have been determined by H. Weaver.'* A rough photovisual magnitude of 
10.4 + 0.2 determined by comparing two plates taken by G. Van Biesbroeck with the 
24-inch reflector of the Yerkes Observatory, one of the star and the other of the neigh- 
boring field studied by Weaver,'* gives a color index of 0.5 mag. and a color excess of 
1.1 mag.,'‘ agreeing, within the errors of the determination, with the above value of 1.3 
mag. 

Using a value of 4 for the ratio of the general absorption to the color excess and a value 
of 1.2 mag. for the color excess, the absorption is found to be 4.8 mag. 

An inspection of the Ross and Calvert Aflas of the Milky Way shows that this star is 
probably in the same cloud as was studied by Weaver" (a small region about 6° south 
of the star). An absorption-curve constructed by him for this region indicates that the 
absorption of 4.8 mag. given above corresponds to a distance of 890 parsecs. 

This distance may have to be reduced, owing to reddening in the immediate vicinity 
of the star itself. Sherman and Morgan” find a reddening in the shell of P Cygni amount- 
ing to about 0.5 mag. If a color excess of as much as 0.5 mag. originated in the shell of 
the present star, the absorption due to interstellar reddening alone would be 2.8 mag., 
assuming that the ratio of the absorption to the color excess is still 4 in the envelope of 
the star. This corresponds to a distance of 590 parsecs. 


® The H line is excluded altogether, because of the blending effect of the P Cygni absorption com- 
ponent of He. 

0 C, S. Beals, J.R.A.S. Canada, 36, 145 and 201, 1942; O. Struve and P. Swings, Ap. J., 96, 475, 
1942. 


1 Ap. J., 93, 275, 1941. 

12 CE of the star = CI of a gG2-3 star — CI of a B2 star = 0.7 — (—0.6) = 1.3. 
13 Unpublished. 

'4 Assuming, still, that we are dealing with a B2 star of color index —0.6. 


6 Ap. J., 89, 509, 1939, 
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An absolute photographic magnitude of —3.6 is found by using mp, =/0.9, A = 4.8 
mag., and r = 890 parsecs. The value of the absolute photographic magnitude is very 
uncertain, however, since we do not know how much of the color excess is produced in 
the immediate vicinity of the star itself. Using a value of 2.8 mag. for the absorption (4) 
and the corresponding distance of 590 parsecs, we get an absolute photographic magni- 
tude of —0.8, giving us a rather wide range on the absolute-magnitude scale and a prob- 
able distance of 700-900 parsecs. 

The photos pheric layer —Other than the interstellar absorption features, the only ab- 
sorption lines measured are the P Cygni absorption component of H 6, He 13820, and two 
very faint features identified as Hy and Ho. The latter three features all have negative 
velocity displacements and are considered to be P Cygni absorption components arising 
in the shell of the star. 

The members of the Balmer series appear as rather narrow emissions, apparently 
without any underlying, broad-winged absorption, which in normal B stars would be at- 
tributed to absorption in the reversing layer of the underlying star. Hence it is apparent 
that we are dealing with a star like P Cygni, RY Scuti, Z Canis Majoris, or CD~-27° 
11944,'° in which the opacity of the shell is large. Only the spectrum of the shell is ob- 
served, and all possible features arising in the underlying star are obscured, owing to the 
great optical thickness of the envelope, which is absorbing and emitting a continuous 
spectrum of its own. 

The shell——From the great relative intensity of the He I triplets compared to the sing- 
lets,!7 we may conclude that the He 1 emission is for the major part due to the recombina- 
tion mechanism. Such a mechanism is also at least partly responsible for the Fe 11 emis- 
sion, since the presence of Fe 111 implies the existence of Fe** ions, hence the possibility 
of electron captures by Fe**. Yet collisional excitation may also be in operation for the 
Fe 11 spectrum, owing to the small energies of the excited Fe 11 levels concerned. Such a 
collisional mechanism is precluded for the H or He spectrum, however, since the excited 
states of H and He 1 have potentials far in excess of the energies of electrons at reasonable 
electron temperatures. 

The intensity of [Fe 111] 4658 appears to be about equal to or a little greater than that 
of the strongest [Fe 11] line. In this connection it is of interest to place the shell in a se- 
quence of shells having decreasing excitation, using the intensity ratio [Fe u]/[Fe 11] 
as a criterion of the excitation.'* Thus we have RY Scuti!® (strong [Fe 11), no [Fe 11)), 
BF Cygni?® (strong [Fe mt], intermediate [Fe 11]), DO Aquilae 1925?! (strong [Fe m1], 
strong [Fe 11]), MWC 349” (weak [Fe 11], weaker [Fe 11]), BD+14°3887 (weak [Fe 11), 
weak [Fe 11]), MWC 173 (strong [Fe 11], weak [Fe 111|), CD—27°11944"* (very weak [Fe 
11] only), and Carinae” (strong [Fe 11] only). 

The first ionization potentials of Na and Mg are, respectively, 5.1 and 7.6 volts. Hence 
practically all the Na and Mg atoms must be ionized, and the observed Nai and Mg1 
lines are emitted essentially by the recombination mechanism. Since the second ioniza- 
tion potential of Na is 47.0 volts, practically all the Va atoms will be in the singly ionized 
state in all parts of the shell. Mg 114481 has a fairly high excitation potential (11.6 volts), 


16 For a description of the spectra of these objects see P. Swings and O. Struve, 4p. J., 91, 546, 1940, 
and 96, 254, 1942. 

17 P, Swings and O. Struve, Ap. J., 96, 260, 1942. 

18 Thid., 93, 351, 1941. 19 Tbid., 91, 546, 1940. 20 Thid., 97, 194, 1943. 


21B. Vorontsov-Velyaminov, Ap. J., 92, 283, 1940. 
22 Swings and Struve, Ap. J., 95, 159, 1942. 
23 Tbid., 93, 349, 1941. 24 Tbid., p. 352. 


26 J. H. Moore and R. F. Sanford, Lick Obs. Bull., 8, 55, 1913; P. W. Merrill, Ap. J.. 67, 391, 1928; 
H. Spencer Jones, M.N., 91, 794, 1931; and esp. I. S. Bowen, Rev. Mod. Phys., 8, 55, 1936 (esp. pp. 80-81). 
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so that excitation by electron collisions is definitely excluded. The second ionization po- 
tential of Mg being only 15 volts, we may expect the Mg 1 line to be due mostly to the 
recombination mechanism, although optical excitation by the underlying radiation is 
not altogether excluded. Since the third ionization of Mg is approximately 80 volts, no 
Mg atoms will be more than doubly ionized in the shell. 

Note on the spectrum of CD-27°11944.—An excellent spectrogram of this star, showing 
the region A < 5600, was obtained at the McDonald Observatory on July 24, 1942. It 
reveals the following lines in addition to those listed by Swings and Struve (Pl. XXVI) :° 


Fe m1: 4508(1-2E), 4515(1-2E), Mg: 4481(1A, 2E) , 
Fe wit: 5127(1A, 2E), 5156(1A, 2E) (very close to [Fe 11] 5159), 
4420(1-2E) (very close to Fe 11 4417 and [Fe 11] 4416). 


Several emission lines which did not show any trace of absorption companions in 1940 
have now acquired such components. The spectrum of this star is definitely variable. 

It should be noticed that the observed Fe u1 lines belong to the two multiplets a°D — 
4p°’P° and a°P — 4p*P°. As has been shown previously,’ these two multiplets, whose low- 
er levels are metastable,”* are especially sensitive to dilution effects. None of the other 
Fe lines, which are much stronger in the laboratory but which connect high nonmetas- 
table levels, is found in this star. This means that the observed Fe 111 lines are not emit- 
ted by the recombination mechanism. Since collisional excitation is excluded for AX 5127, 
5156, and 4420 because of the high energy of 4p°P°(11.0 volts), these lines must then be 
excited in Rosseland fluorescence cycles excited by the underlying radiation.”® 

As far as Fe 111 is concerned, CD—27°11944 is indeed very similar to P Cygni, and the 
dilution factor must also be at least 0.1. But the excitation is much lower in CD-27°11944 
than in P Cygni, as is shown by the Fe 11 emission; CD-—27°11944 also differs from P 
Cygni in that the former shows faint [Fe 1] lines. 


My thanks are due to Drs. O. Struve, P. Swings, and H. Weaver for fruitful discussions 
and advice. 


26 4p. J., 93, 352, 1941. 27 Edlén and Swings, loc. cit. 


* Actually these are the lowest metastable Fe 111 levels observable by permitted lines in the astronom- 
ical region. 


29 Edlén and Swings, Joc. cit. 
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THE SPECTRUM OF HD 192954* 


ARTHUR A. Broy Les! 
McDonald Observatory 
Received January 31, 1943 


ABSTRACT 


The star HD 192954 was given a spectral classification B9 in the Henry Draper Catalogue and 
A2e by P. W. Merrill. This raises the question of the presence of a shell. Since the contours of the hydrogen 
lines show very narrow and deep central cores with broad shallow wings to each side, it is evident that 
part of the absorption takes place in a dense layer corresponding to a star of the main sequence and part 
in a layer of very low pressure. The weakening of Mg 11 and of Si 11 lines indicates further that dilution 
takes place in the outer layer and that therefore the layer is probably a shell of the type of Pleione. The 
presence of helium, together with other facts, indicates that the star itself is of type B9n. The radial 
velocity is about +15 km/sec. A list of lines measured in the spectrum of HD 192954 from \ 3321 to 
d 5479 is given in Table 2. 


1. The star HD 192954? = MWC 335 was announced by Merrill® to have a strong 
bright line at Ha and a weak double bright line at Hf. Earlier observations by Humason 
confirmed the character of HB. Since the spectral type is given as A2e by Merrill and as 
B9 by Miss Cannon, the following questions arise: (1) Is the star a supergiant, or has it 


TABLE 1 
OBSERVATIONS OF HD 192954 


Plate | Date | U.T. | Emulsion — 
| 1942, July 13 | 103a0 34 
| 17 | 545 103a00 15 
1582....... | 18 | 327 10300 15 
1583....... | 18 | 349 8 
re 24 | 5 36 Plenachrome | 15 
1803...... | Dec. 26 130 | 10300 | 35 
....... | 30 115 | 103a0 35 
1835....... | 31 114 10320 | 


a moderate luminosity? (2) Does the relatively late spectral type signify that it is a 
representative of the group of stars designated as ‘‘shell stars’’ (similar to Pleione in its 
present stage)? (3) Does the difference in spectral type between Harvard and Mount 
Wilson signify that the spectrum is variable and that the metallic lines have increased 
gradually in intensity while the He I lines have disappeared? 

2. The material available consisted of several plates of the spectrum taken with the 
Cassegrain quartz spectrograph and the 500-mm camera at the McDonald Observatory. 
These are listed in Table 1. Plates CQ 1582, 1583, 1803, 1825, and 1835 were used only 
for the measurement of radial velocities. Plate CQ 1554 was measured in the ultraviolet 
region from \ 3321 to d 3727; plate CQ 1576 was measured from \ 3662 to \ 4667, and 


* Contributions from the McDonald Observatory, University of Texas, No. 66. 
1 Mr. Broyles has left the observatory in order to join the Armed Forces. 
2MWC 335; a=20512™6; 6= +15°33’ (1900); magnitude, 7.3; spectrum, A2e (Merrill), B9 (HDC). 
3 Ap. J., 78, 107, 1933. 
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plate CQ 1586 was measured from ) 4729 to 5478. The contrast of plate CQ 1586 is 
inferior to that of the other two plates, so that intensities assigned to lines in the visual 
region are not comparable with those in the ultraviolet region. However, an attempt 
was made to keep the intensities consistent on plates CQ 1554 and CQ 1576. 

3. A list of the absorption lines found on the plates with wave lengths reduced for 
radial velocity is given in Table 2. Almost all the lines were identified with the aid of 
tables of lines in a Cygni.* This was done because a Cygni is an A2 star and the lines are 
much stronger in it. The lines in HD 192954 were, therefore, identified (with few excep- 
tions) with those in a Cygni, and the identifications of the a Cygni lines were then used. 
The intensities in a Cygni are given in the third column. Since the ultraviolet region 
(AX 3321-3938) of a Cygni was investigated with the Cassegrain quartz spectrograph 
(CQ) and the visual region (AX 3865-5479) with the coudé spectrograph, the intensities of 
the two a Cygni tables are not comparable. Because plate CQ 1576 was underexposed 
and plate 1586 overexposed in the region around H§, some lines may have been omitted 
that would otherwise have appeared. Lines of HD 192954 with intensities of zero are con- 
sidered questionable or extremely weak, while higher intensities are indicated by the 
numbers 1, 2, 3, etc. The source of the laboratory intensities is listed as follows: 


Bs... .. Mn u...Mooret Cru... .Mooret 
Cat. . . Mooret Nit. ..Mooret 
Bet. V u....Meggers & Moore! 
M.I.T.* Mgt....Mooret Lut. ..Mooret 
Ct... Alt... .Mooret Y u....Mooret 
Me u...Mooret Alt... .Mooret 
Sit. ...Mooret Cat....Mooret ara... 
Ti u....Mooret Mooret M.I.T.* 
Sceit.... Mooret Feu... .Dobbie§ } M.I.T.* 


* Massachusetts Institute of Technology Wavelength Tables. 

t Charlotte E. Moore, A Multiplet Table cf Astrophysical Interest. 

¢t Charlotte Moore Sitterly’s unpublished material. 

§ J. C. Dobbie, Annals of the Solar Physics Observatory, Vol. 5, Part 1. 
|| National Bureau of Standards, Research Paper RP 1317. 


In order better to compare the intensities of various elements in the two stars, Table 3 
gives certain lines of HD 192954 by elements. Only those lines were chosen which are 
unblended or very slightly blended. 

4. The star has now an absorption spectrum of approximately type A2. Since none 
of the plates at hand extends to Ha, this line could not be investigated; but HB seems to 
have weak emission lines on each side, with the one toward the violet most distinct. The 
rest of the hydrogen lines are in strong absorption. 

Underexposed plates show very broad hydrogen lines, while overexposed plates show, 
in addition, deep, narrow cores. This indicates that the lines have broad shallow wings 
with sharp deep cores in the middle. The broad wings are caused by the Stark effect and 
indicate that they originate in a dense layer. The star cannot, therefore, be a supergiant 
but must be of relatively low luminosity. The narrow lines of great absorption in the 
centers, however, must come from a much less dense outer layer. Since these cores coin- 
cide with the centers of the broad wings, this layer must be stationary with respect to 
the star. 

Upon comparison of the Mg 1 and Si 11 lines in a Cygni and HD 192954, it becomes 
apparent that these lines are weakened in HD 192954. The line Mg 11 4481.39 shows this 
clearly and by direct comparison to the line Fe 11 4416.80. The S711 line \ 3856.14 was 
found to be much weaker in HD 192954 than the Mg 1 line 3838.29, while the reverse is 
true in a Cygni. Line \ 3862.61 of Sit is quite strong in a Cygni (J = 6) but is not 
strong enough to be measured in HD 192954. The Si 1 lines \ 4128.13 and A 4131.26 


*Struve, Ap. J., 90, 699, 1939; Struve and Swings, Ap. J., 94, 344, 1941. 
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are also quite strong in a Cygni (1 = 8) but are barely visible in HD 192954 (J = 0), 
This shows unquestionably that geometrical dilution is having effect. The lines of these 
elements are not appreciably broader than those of Fe 11 and 77 11 and give no indication 
of rapid rotation. They may originate in the deeper strata of the shell. 

The proof of the existence of He 1 is rendered difficult by the presence of strong metal- 
lic lines near by. Both lines, \ 4025.48 and \ 4472.28, were found to be nebulous on 
plate CQ 1576, and other plates confirm this. The line \ 4472.28 appeared to be made up 
of two components 1.76 A apart on a plate of greater exposure. These two components 
must be A 4471.48 of He rand \ 4472.92 of Fe 11. In the same way it was found that line 
d 4025.48 was made up of two components 1.30 A apart. One component must be due to 
Ti u, and the other to He 1. From the nebulous appearance of the He 1 lines we conclude 
that the observed equatorial rotation of the star is of the order of 150-200 km/sec. The 
spectral type of the star itself must be about B8. 

The different atoms and ions shown in the spectrum are arranged below in the order of 
decreasing ratio: HD 192954/a Cygni. This list is comparable to the one by Struve and 
Swings? for Pleione: 


Mnu, Fet, Mg1, Cru, Tiu, Scu, Niu, Vu, Fen, Cau, Mgu, Alt, Siu. 


It is interesting to note that Fe 1and Mg Lare relatively strong in HD 192954. Only one 

line of A/1 is available, so that its position cannot be determined accurately in this list. 

Since only two lines were available for Mn 11, its position is also uncertain. 
5. The radial velocity of HD 192954 was determined as follows: 


| 
Vel. | | Vel. 
Date (Km/Sec) Qual. | Date | (Km/Sec) Qual. 
1942, July 13......... +17.8 | good || 1942, July 18....... 51 poor 
15.1 | good |} 1942, July 24....... + 4.3 poor 
1942) July 18........ + 6.5 | poor 1942, Dec. 31... | 436.2 good 
| | | 


The observations give no indication of a variation in velocity during the short interval 
covered by the observations. 


Iam indebted to Dr. O. Struve and Dr. P. Swings for numerous suggestions in connec- 
tion with this work and for part of the spectrographic material. 


5 Ap. J., 93,446, 1941. 
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TABLE 2 
ABSORPTION LINES IN HD 192954 
) IDENTIFICATION 
(a Cyc) 
Elem.  (Lab.) Int. (Lab.) 
Ce | Oo 3 Vu 3321.54 150 
| Tin 3321.71 25 
3323.05.......... ; 0 6 Cru 3322.69 12 
Tin + 3322.93 75 
| Feu + 3323 .07 8 
| Tiu 3323.40 pr 
| (3335.17) 
3335 28 | 1 6 Ti II (3335 22/ 40 
Cru 3335.28 40 
| Cri 3335.46 30 
5 Cri 3336.32 40 
| 
Cru + 3339.80 50 
| Sin 3339.84 3 
| 3339.90 20 
| (3340.33) 
| Tin + 3340. 39/ 35 
5 Cru 3347.83 40 
2 | 40 Tin 3348.91 10? 
Tiu + 3349 .00 75 
Crit 3349.34 6 
{3349.39} 
| Tin + 13349.47/ 125 
| 
On | 2 Crit 3357.40 40 
3360.24........ | 0 | 4 Fen 3360.10 3 
Crit + 3360.30 100 
3368.27.........-. 1 7 3367.42 12 
Cru + 3368.05 150 
3 Vir 3392.66 50 
| Cru + 3393.00 35 
3422 69 1 7 3422.74 125 
2 Feu 3425.58 3 
| o | 8 Mnu+ 3441.98 100 
3442.24 3 
3444.03........... 0 4 Tiu 3444.33 30 
1 4 Feu 3468 .68 8 
1 4 Feu 3470.24 1 
Niut+ 3471.35 2 
+ 3472.07 25 


| 
| 
| 
| 
| 
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TABLE 2—Continued 


| | IDENTIFICATION 
| Int. | 
Int. (a CyG) | 
Elem. » (Lab.) | Int. (Lab.) 
2 | gs | Vu 3493.16 | 150 
| Fen+ | 3493.47 10 
| 
4 Cru 3511.84 35 
| 
| | Fet 3513.82 400 
| | Nin + | 3513.9 8 | 
| Tiu + 3520.26 20 
| | | 
a | (tun) 3554.45 200 
Fet t+ 3554.93 400 
Feit 3555.08 pr 
| | | 
| 0 mM | Fen 3559.40 pr 
SEIG 2 7 | Sc it | 3576.39 | 30 
| | 3576.76 | 3 
4 | | 
23 | 0 | Cot | 3585-30 | 60 
| | 3585.54 40 
| | 
| 3 | Tit 3596.06 60 
| | 
3603.53 o1 | 6 Crit 3003.61 20 
| 3003.80 | 40 
| Crit | 3603 .86 20 
| | | | 
| 5 | Vu 3621.20 150 
| Feu + | 3621.27 6 
| F 
0 | 1 | Crm | 3651.08 
0 | 0-1 | 3658.19 20 
1 | 2 | Tin 3662.24 40 
| | H 30+ | 2669 96 | 
| | | 
| 2 H 28+ 3664.68 
| Crit | 3664.95 30 
: a | 2 | H 27 3666.10 
| | | | 
| 2 4 | Vu 3669.41 300 
H2+ | 3669 47 
| 


a 


3679 


3682.7 


3685... 


3686 
3091 


3094 


3697 
3703 


3705 


3709.5 


3748 


O8 


5 40 
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TABLE 2—Continued 


} | IDENTIFICATION 


In INT. = 
NT- (a Cyc) | 
| Elem. | d (Lab.) Int. (Lab.) 
| 3 | 5 H 22 
1 | 4 Cru + 3677.69 40 
| | Criu+ 3677 .86 50 
Crit 3677 .93 30 
| 4 | 6 | #21 MEM) 
4 | 8 | H 20 
| | & 3685.20 250 
5 9 H 19 
5 | 10 H18 
| 
o | Fer 3694.03 400 
You 3694.20 200 
| 6 | 12 | 3697.15 3 
7 H 16 3703.86 4 
| 2 | M6 Fer + 3705.57 700 
Cau 3706 04 10 
Ti 3706.22 20 
| | | 
| | | Fez 3709.25 600 
Vir 3709.34 40 
Vu 3710.29 500 
| | 
| 8n 15 | H 15 3711.97 (5) 
2n 5s | crn 3715.19 20 
3715.45 20 
| Vu 3715.48 1200 
1 | 3 | Fer+ 3719.94 1000R 
Feu 3720.17 pr 
9 1s | #14 3721.94 6 
Cru 3727 .37 40 
| Fe 3727.62 200 
| 
J} 9 | 15 H13 + 3734.37 8 
| | Fet 3734.87 1000 
0 | 6 Cau + 3736.92 11 
| Fel 3737.14 1000 
| 
| in | 4 Feu 3745.36 pr 
| Fet 3745.56 500 
Vu 3745.81 800 
| 2 6 Ti 3748.00 10 
Fet 3748.26 500 
Crit 3748 .68 7 
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TABLE 2—Continued 


IDENTIFICATION 
INT. 
INT. (a Cye) 
Elem.  (Lab.) Int. (Lab.) 
9 15 HA2+ 3750.15 10 
Vir 3750.88 600 
2 M Cru 3750.56 12 
1 4 Cri 3754.59 20 
2nv 6 + 3759.30 200 
Feu 3759.46 6 
2 | 6 Tin + 3761.32 200 
Crit 3761.69 7 
Tiu 3761.88 15 
| Crit 3761.90 8 
|; 4 Fet 3763.79 | 500 
| Feu 3764.11 | pr 
Hil 3770 63 15 
Vu 3770.97 400 
0 2 Ti 3776.06 6 
3794.98...........| In | 1 Vu 3794.37 | 
Fer + 3795.01 500 
CL rT 11 20 H 10 3797 .90 20 
| 1 M Fet 3805.35 400 
In 4 Feu + 3814.12 4 
Tiu 3814.60 4 
Vu 3815.38 200 
| Fet 3815 84 700 
3n M Het 3819.60 50 
Het 3819.76 4 
4 | Fe1 3820 43 800 
3 Feil 3821.97 pr 
2 4 Feu 3824.91 4 
3 Fet 3825.88 500 
1 3 Feu 3827.08 4 
Feu 3827.69 pr 
Fet 3827 .83 200 
1 4 Mgt 3832.31 15 
12 20 H9 3835.39 40 
3 5 Feu 3838 .04 2? 
Mgt+ 3838.30 25 
0 3 Fer+ 3840.45 400 
Fert + 3841.05 500 
Feu 3841 . 36 pr 


se | | | 
= 
= 
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TABLE 2—Continued 


| IDENTIFICATION 
INT. 
Int ta Con | 
| Elem.  (Lab.) Int. (Lab.) 
3850.03.........-. In 3849.97 500 
3856.14........... 2n 5 Siu 3856.03 8 
Fe1 3856.37 500 
dn 3 Fer+ 3859 91 1000r 
Feu 3860.11 pr 
ee In 2 Fe1 3865.53 600 
Crut+ 3865.59 75 
1 4 Feu 3872.76 pr 
Fe1 3872.51 300 
2n 4n Fet | 3878.58 300 
Vio 3878.72 300 
1 2 Nin 3881.92 1 
Mau 3883.28 3 
3885.56........... 1 1 Fe1 3886.28 600 
. 12 20 H8 3889.05 60 
in 5 Tiu 3900.54 70 
3003 01........... | 4 2 Vu 3903.28 250 
3906 O08. .......... 2 4 Cru 3905 64 25 
Feu 3906.04 5 
| 5 Tin 3913.47 60 
3 Fet 3930.30 600 
4 20 Cau 3933.68 400 
0 6 Feu 3938.29 2 
Feu 3938 .97 4 
1 1 Cru 3958 07 20 
Zrii 3958.22 500 
3961.32........ 0 3 Alt 3961.53 10 
3060.84........... 12 20 He 3970.08 80 
ae 2 1 Vu 3973.64 300 
1 4 Cru 3979.51 20 
1 M Fet 3985 .39 125 
2 6 Tin 4012.39 4 
Feu 4012.47 1 
Cru 4012.50 30 
4024.54........... | dn 5 Feu 4024.55 5 


| | | | 
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TABLE 2—Continued 


| | | IDENTIFICATION 
| | 
| | | Elem d (Lab.) | Int. (Lab.) 
‘ | 2n | Het | 4026.19 | 70 
1 5 Tin 4028.35 | | 
| im | Fen 4044.01 | opr 
| | 4045.82 400 
| 
> Ti 4053.83 | (3) 
| | | 
4063.56........... | # 4063.60 400 | 
4093.66........... 4 1 | Fen 4093 24 0 | 
0 M Fet 4095.97 80 
4099.03........... o | 1 (V1) 4099 94 150 | 
4101.63........... 13 20 OWS 4101.74 100 
1 5 | Feu | 4122.64 4 
1 | Fer | 4123.74 | 80 
0 8 | Sin 4128.05 | 8 
4131.26........... 0 8 | Sin+ | 413088 | 10 
0 Fet | 4132 06 300 
3 4144.46.......... 0 2 Het | 4143 76 15 
| | 4143.87 400 
1 | sn 4145.10 | 250 
0 0 Fer | 4147.67 | 200 
4163.66........... 2 5 | Tin 4163.66 40 
4173.22........... 3 8 | Fen | 4173.45 8 
| 
M7098... 3 | 8 | Fer | 4178.85 8 
| 
; Alu 4226 81 6 
3+ | 12 Feu | 4233.17 | 11 
Fer | 4238.82 | 200 | 
| | | | 
| tre | 4242.38 30 
| 
4207 .05........... | fem 4246 83 100 
| 0 Crit 4253.51 75 
| | 
| 1 | 4 | Fer 4258.15 3 
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TABLE 2—Continued 
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IDENTIFICATION 
INT 
INT. (a 
Elem d (Lab.) Int. (Lab.) 
ee 1-2 5 Cru 4261.92 20 
a In 2 Fe1 4271.76 1000 
5 Feu 4273.32 3 
a On 3 Cru 4284.21 10 
4289.86........... Tim 4290.23 50 
| 4289.72 3000 
| | 
| 0 | 7 | Fen 4296.58 6 
4298.67........... | Oo | 1 Fe1 4299.24 500 
| 2 9 Feu 4303.17 8 
4308.52........... | 1 4 | Tin 4307.90 40 
| | | Fer 4307.91 1000 
| 
ee 3 | 4 | Fen 4314.29 4 
| | Seu 4314.08 30 
In | 3 | Fet 4325.76 1000 
4340.44........... 13 0 | Be | 4340. 46 200 
3n | Fenn 4351.76 9 
| | (Mg 1) 4351.92 5Nd? 
4358.29........... | o | 4358.50 70 
| 2 Tiu 4367.68 15 
4374.88........... | 4 Seu 4374.47 30 
| | | Tin 4374.82 1 
4379.82........... Mnu 4379.74 1 
| 2n | 6 Mgu 4384.64 8 
Feu 4384 . 33 pr 
8 Feu 4385.38 7 
ee 1 3 Meu 4390.58 10 
1 4 Tiu 4399.77 35 
4404.38........... 4 3 Fet 4404.75 1000 
a | 1 M Ti 4411.94 15 
4416.80.......... | 3 6 Feu 4416.82 7 
4444.24........... | 2 7 Tin 4443.81 50 
4450.07........... 2 4 Tiu 4450.49 10 
ee | 0 3 Feu 4455.26 3 


| | | 
| | 
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| 
| IDENTIFICATION 
INT 
INT. (a | 
Elem d (Lab.) | Int. (Lab.) 
0 | M Fer 4459.12 400 
| | 
1 | 2 Tin 4464.46 | 1 
| Vu 4464.32 | 40 
4469.01........... 2 | 5 Tin 4468.50 | 50 
0 Tiu 4469.16 tr 
Fet 4469.38 | 200 
| 
re On | 2 Het 4471.48 | 100 
Het 4471.68 | 7 
Fe 4472.92 | 2 
| 
a 2 | 16 Meu 4481.33 | 100 
| | 
4490.08........... 2n 5 Feu 4489.19 | 4 
6 Feu 4491.40 5 
In 5 Tiu | 4501.28 40 
4508.69........... 2n 7 Feu | 4508.28 8 
4515.80...........) 1 7 Feu | 4515.34 7 
| 2 6 Feu 4520.22 7 
Fen | 4522.63 9 
} 
2+ 0 4528 62 600 
Vu 4528.51 300 
| 1 Tin | 4520.49 1 
| | 
1 7 Tiu 4533.97 30 
Feu | 4534.17 2 
Ug it 4534.26 (4) 
1 4 Feu 4541.52 4 
| | Feu 4549.47 10 
Tiu | 4549 63 60n 
| Feu | 4549.21 4 
| 4 Crit 4555.02. | 20 
| 6 Feu | 4555.89 8 
4 6 Crit | 4558.66 | 
1 5 Tin | 4563.77 | 30 
| 
ae | 2 0 (Fe 1) 4574.72 12 
| Zr it 4574.50 2 
| 4 Feu 4576.33 4 
| 
ee ) 3 | 4 Feu 4582 83 3 
| | 9 Feu 4583.83 11 
| 
4588.66...... Crit 4588.22 | 75 
Ti 4589 95 2 
Cri 4589 89 3 


om: TABLE 2—Continued 
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TABLE 2—Continued 
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IDENTIFICATION 
Int Int. 
(a Cyc) 
| Elem. dX (Lab.) Int. (Lab.) 
4591.55........... 1 | 0 | Cru 4591.39 tr 
|} 4 | Cru 4592.09 20 
| 
Sane 1 3 | Fen 4595 68 pr 
| Al 4596.10 1000 
RS 0 0 Fe it 40601 .34 pr 
Cli 4601 .00 20 
4619.59........... In 6 | 4618.83 35 
4 | Feu 4620.51 3 
2 9 | Feu 4629.34 7 
5 | Crm 4634.11 25 
1 4 | Feu 4635 .33 
On 4 Feu 4656.97 1 
Ti 4657.21 (tr) 
0 3 | Feu 4666.75 2 
| Fer 4668.14 125 
| Si 4668 50 
6 Feu 4731.44 3 
0 0 (Mn 11) 4755.73 On 
4804.62........... 1 2 | Tin 4805.10 2 
eee 0 8 Cru 4824.13 75 
| 
a 1 1 Cru | 4856.19 20 
5 15 HB 4861.33 [500] 
06.98... 3 10 Feu 4923.92 12 
4992.36........... 1 | 1 Feu 4993.35 1 
3 | 10 | Fen 5018.43 12 
o.| + | Fen 5061.79 1 
1 0-1 Feu | 5127.87 1 
| 
In 8 Feu -§169.03 12 
1 4 Mgt 5183.62 30 
| 2 Tiu | 5185.90 (1) (2) 
o | 7 Fen | $197.57 6 
| 


| 
| 
} 
a 
| 
} 
| 
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TABLE 2—Continued 


IDENTIFICATION 


| Elem. d (Lab.) 


Int. (Lab.) 


0 2 | Fen 5216.93 
0 2 Tin 5226.60 


| Fet 5227.19 


1 Fet §232 .94 
Crit 5232.50 
7 | Fe 5234.62 


1 


1 Feu 5264.23 
Mg tt 5204.14 
3 Fel 5264.80 
1 | 6 Feu 5275.99 


| 8 Feu | 5316.61 


| 1 6 | Fen 


4 


| 
| 
| (a | | 
— 
| | 
400 
“4 
| 800 
| 15 
| | 
=, | / 
| 
4 1 | 
5 
2 | 
7 
2 | 3 
| 8 | 
| | Feit 5316.78 | 1 
| | 
| 
4 ee | 2 | Cri | 5478 35 | 15 
| 
| 
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TABLE 3 
UNBLENDED AND SLIGHTLY BLENDED LINES IN HD 192954 
ran Int. Int. 
r (a Cyg) (a Cyg)  (Lab.) Int. (Lab.) 
CQ Plate | Coudé Plate 
H 
| 

3662.42....... 1 | 2 
3669.51....... 2 4 
8n 15 5 
3721.99.......| 9 3721.94 6 
3750.09... 9 15 3750.152 10 
3770.41.......|  10nv | 3770.63 15 
3797 .84...... | 3797.90 20 
..... 12 | 3835.39 40 
3889.02.......| 12 20 20 3889 05 60 
3969 .84.......] 12 20 3970.08 80 
4340.44 4340.46 200 
4861 26 5 15 | 4861.33 | 500 

Feu 
3425.38..... oO | 2 3425.58 | 3 
3468 .87....... 1 | 4 | 3468.68 8 
3493.40...... 2 | 3493.47 10 
3559.21 | 0 | M 3559.40 | pr 
3621.35 | 5 3621.27 | 6 
4024.54 In | 5 4024.55 | 5 
4093 66 1 | 1 4093 .24 | 0 
4173.22 8 4173.45 8 
4178 78 3 8 4178.85 | 8 
4233.25 3-4 | 12 4233.17 | 11 
4258 31 1 | 4 4258.15 3 
4297 01 0 |. 7 4296.58 6 
4302.84....... 2 9 4303.17 8 
4351.50...... 3n 10 4351.76 | 9 
4416.80...... | 6 4416.82 7 
4508 .69....... 7 | 4508.28 8 
4590. 95....... 6 | 4520.22 7 
7 | 4522.63 9 
4541.14....... 1 4 | 4541.52 4 
Gi 1 | | 4 | 4576.33 4 


| 
| 
| 
| 
| 


| 
| 
| 
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Int. 
(a Cyg) 
| CQ Plate 


| (a Cyg) | d (Lab.) 
| Coudé Plate | 
| | 
Fe u—Continued 
6 4731.44 
10 4923 .92 
1 4993.35 
10 5018.43 
1 5061.79 
0-1 5127.87 
8 5169.03 
7 5197.57 
2 5216.93 
6 5275.99 
4 5284.09 
6 5362.86 
Fet 
3554.93 
3694.03 
3719.94 
3763.79 
3795.01 
3805.35 
3849 97 
| 7 | 3872.51 
| 1 3886.28 
| 4 | 3930.30 
M 3985 .39 
| 4063 60 
M 4095 .47 
0 4147 .67 
1 4238 82 
1 4299 24 
4325.76 
0 4358 50 
3 4404.75 
M 4459.12 
Meu 
3 4390.58 
16 4481.33 
Mgt 
5 3838 30 
4 3832.31 


. (Lab.) 


|| 

TABLE 3—Continued 
| | Int. | | 

: | Inti 
| 

4992 .36....... 

| 

5061.51.......| | 
5169.17....... 

5216.35.......| 

5276.56.......| 

5283.81.......| 

|_—___— 

| 400 

3694.02.......| 400 
3705.68.......| 
3719.85.......| | 
500 

3794.98.......| 500 

3805.20.......| | 400 

3850.03.......) 500 

| 

3030.33.......| | 

4063.56...... 400 

4147.79...... 0 ere: 200 | 
4238.65...... 1 200 

4298 .67...... 0 

4358.29...... In ny 70 

4404.38.......| 1 1000 

4459 36......., 0 

| 100 | 
| | 
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TABLE 3—Continued 


Int. Int. 
(a Cyg) (a Cyg) (Lab.) Int. (Lab.) 
|(HD 192954)! plate | Coudé Plate 
Siu 
| 
4128.13....... 8 | 4128.05 8 
| 8 | 4130.88 10 
Tiu 
3444.03...... 0 | 3444.33 30 
3520. 11...... 0 3520.26 20 
3595.82. 0) 3596 06 60 
3059.66...... 0 3659.76 60 
3685.30... 1 3685.20 250 
3761.41. 2 3761.32 200 
3775.55. 0 3776.06 6 
3000. 86...... In | 3900.54 70 
3013. 82..... 2n | 5 10 3913.47 60 
4028.56.......| 5 4028 35 7 
4053.77.......| 3 4053.83 3 
4163 .66.... 2 5 4163.66 40 
4308.00....... 4 4307 .90 40 
4367.85....... | 2 4367 .68 15 
4399.76....... 4 4399.77 35 
4412.38...... M 4411.94 15 
4444.24...... 7 4443 81 50 
4450.07...... 4 4450.49 10 
4500.51....... In |..... 5 4501 .27 40 
4563.88... 5 | 4563.77 30 
4804.62....... 2 | 4805.10 2 
Vu 
3903.01.00...) 1 | 1 3903.28 | 250 
.... 2 1 3973.64 | 300 
Sc 
4247.05....... 6 4246.83 | 100 
Niu 
| 
3576.80)... 2 | | 3576.76 | 3 
Mau 
1 | 4379.74 | 1 
4755.01....... | 4755.73 | On 


| 
| 
/ 
| 
} 
| 
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Int Int. Int. 
| (a Cyg) (Lab.) Int. (Lab.) 
(HD 192959) CQ Plate | Coudé Plate 
Cait 
3033.64...... 4 15 | 2 | 3933.68 | 400 
| 45 
| | 
All 
| 
3961.32...... | 3901.53 | 10 
Cru 
3336.20...... 1 3336.32 | 40 
57... 1 5 3342.51 | 50 
3347.94 0 5 3347.83 | 40 
3357.55 On 2 3357.40 | 40 
3368.27...... 1 7 3368.05 150 
2 3 3393.00 | 35 
1 7 3422.74 125 
S516. @....... 1 3 3511.84 35 
0 1 3651.68 12 
0 0-1 3658.19 20 
3751.29....... 2 M 3750.56 12 
3754.14...... 1 4 3754.59 | 20 
: 3979.34...... 1 4 3979 51 20 
4262.29...... 1-2 5 4261.92 | 20 
Si... On 3 4284.21 | 10 
4557 .88...... 1 6 4558.66 | 100 
4588 .66...... 1 5 4588.22 | 75 
i 4591.55 1 4 4592 09 20 
4825.79 0 4824 13 75 
4855.91....... 1 1 4856.19 | 20 
5478.57...... 2 | 5478.35 15 


| 
| 
TABLE 3—Continued 
| | 
| 
| 
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NOTES TO TABLE 3 


1. The intensities in HD 192954 and the corresponding smoothed-out intensities 
of a Cygni on the Cassegrain quartz plate and the coudé plate are as follows: 


| | | | 
aCyg | aCyg a Cyg a Cyg 
Elem —_ 335 | CQ Plate Coudé Elem. ae 335 CQ Plate Coudé 
| Int. Int. ‘ | Int. Int. 
| 1 | 4.5 | 4 | | 
2 8 | 7.5 || Vu 1 
3 10.5 
12 0 2 | 1 
| 1 2 | 2 
Mgt We 4 | 
5 4 15 | 17 
| 2 | 
4 | 7 | 
| 0 8 8 
Tiu 0 3 2:5) 
| 
Scu.. 2 6 | 


2. Het: Present but blended with other lines. 
3. Cri: The line \ 4253.82 appears to be made up of two lines about 1.40 A 
apart, one of which is probably Cr 1. 


| 
= 
| 
| 
| 
| 
| 
| 
| 
a 


THE SPECTRUM OF vSAGITTARII IN THE VISUAL REGION 


Jesse L. GREENSTEIN 


Yerkes Observatory 
Received January 13, 1943 


ABSTRACT 


The visual region of the spectrum of v Sgr is marked by the strength of lines of nitrogen and neon, 
Estimates of the abundances of the lighter elements show high abundance of neon and an abnormal 
abundance of nitrogen with respect to oxygen. 


The spectrum of v Sgr, HD 181615-6, has already been investigated in the ultraviolet! 
and photographic regions.** A preliminary report by Merrill,‘ indicating abnormal 
strength of Ve 1 lines, was the origin of the present investigation. The four spectrograms 
measured in the visual region were obtained in July and September, 1940, with the 
Yerkes autocollimating grating spectrograph; the dispersion is 27.1 A/mm. The visual 
region is as crowded with lines as are the other regions of this complex spectrum. Some 


TABLE 1 
ELEMENTS IDENTIFIED IN v SGR, VISUAL REGION 

Present 


five hundred lines were measured in the region \ 4900 to \ 6700. The resolving power 
of the equipment is insufficient for a definitive list of lines; the following note is con- 
cerned only with the identification of those lines measured on two or more good plates 
(the average number of plates per line is three). Even the sharpest lines proved to be 
considerably blended in many cases. 

Table 1 contains a list of elements identified in the visual region. No elements in high 
stages of ionization are found, but elements with lines arising from highly excited normal 
or metastable levels are present in great strength. The appearance of N 1 had hitherto 
been noted only in the infrared. The He 1 and Ne 1 lines are among the strongest in the 
visual region; the lines of these elements represent excitation potentials from 11 to 21 
volts. The hydrogen lines are relatively weak, and Ha is a complex emission band. 

In the following discussion the conditions of ionization and excitation were assumed 


! Greenstein, Ap. J., 91, 438, 1940. In the discussion of the ionization equilibria of Te, the ionization 
of He 1 was neglected. A recomputation has shown this to be unsafe. The data for log (He*) in Table 6 
should consequently be corrected to read: for ge = 1, & = 0.39, 16.1, for @ = 0.33, 16.0; for g. = 10, 
6. = 0.39, 16.2, for 6. = 0.33, 16.5; for g- = 100, 6 = 0.33, 16.8. The derived results for (He*)’ in Table 
12 are changed only slightly: g. = 100, 6 = 0.33, 17.0; g- = 10, @ = 0.39, 16.7. The conclusions are 
not affected by these changes. 

2 J. S. Plaskett, Pub. Dom. Ap. Obs. Victoria, 4, No. 1, 1928. 

3W. W. Morgan, Pub. Yerkes Obs., VII, Part III, 1935. 4 Pub. A.S.P., 51, 218, 1939. 
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to be those in an unstratified atmosphere, with effective temperature equal to the excita- 
tion temperature, 10,500°, and with electron pressure 25 bar.' The abundances so de- 
rived are quite rough; if stratification were included, the abundances of the metals and 
of elements with low excitation potentials would be slightly higher than those derived. 

H.—HB is a moderately strong absorption line; no structure can be observed, since 
it is at the limit of the plate. At Ha a very broad, weak emission band, roughly 8 A 
in width, can be seen. On the violet side of the latter is superposed a narrow strong emis- 
sion; no absorption component is certainly visible. After correcting measured wave 
lengths for the orbital motion given by the absorption lines of other elements, the mean 
position of the broad emission is near ) 6566.0, and that of the narrow emission near 


A 6562.8 71.3 
Hx Fe IL 


Fic. 1.—Microphotometer tracings of the Ha emission bands in v Sgr. The normal position of 
Ha is indicated. 


\ 6562.8. It would be extremely important to observe this structure for variability dur- 
ing the orbital cycle. Figure 1 gives a reproduction of two microphotometer tracings of 
plates G 566, July 4, 1940, and G 587, September 16, 1940. The shift of the structure to 
the red and the differing sharpness of the two components make it clear that the emission 
is of an unusual type. The appearance of the bands is complicated by the line \ 6565.4 
(unidentified) and \ 6571.3 (Fe 11). 

He 1.—All helium lines are present and strong. The line \ 5016, arising from the 
metastable 2'S level, does not show any structure or enhancement. 

N 1.—An extremely strong line (I = 12), apparently double, is seen at \ 6483.8. It 
can be identified® with \ 6482.74 and \ 6484.88 of V1. This line is not present on any 
available visual spectra of B or A stars and was not measured by Marshall.® The lines 
of N 1 observed in the infrared’ have excitation potentials lower by one volt. About 
thirty unblended lines, besides other partly blended lines, may be identified as N 1; 
they arise from the levels 3p(4S°,*D°, 4P°,?S°). The laboratory and stellar intensities 


5 Duffendack and Wolfe, Phys. Rev., 34, 409, 1929. 
6 Ap. J., 82, 97, 1935. 7 Merrill, Ap. J., 79, 183, 1934. 
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agree for most of the quartet lines. The doublet lines \ 5999.47 and \ 6008.48 are as 
strong in the laboratory as \ 6482.74 and \ 6484.88, but they are weak and blended in 
the star (I = 1n). Similarly, the 3s?7P—4p?S° transitions at \ 4914.90 and \ 4935.03 are 
absent from Morgan’s list ;* they lie in a poor spectral region, however, for prism spectro- 
graphs. Metastability cannot be involved, and the parent ions for doublets and quartets 
are the same. However, theoretical intensities computed from supermultiplet intensity 
rules suggest that the strongest *D°—‘F lines should be about eight times as strong as 
the strongest *S°—?P lines for equal numbers of atoms. Further, the statistical weight 
of the strongest lines, at \ 6483, is seven times greater than that of the doublets, so that 
a total factor of about 50 between quartets and doublets may be expected. It seems 
very possible that some anomalous excitation is responsible for the high laboratory in- 
tensities of the doublet lines. 

N u1.—The lines may be weakly present, as should be expected for excitation poten- 
tial 18 to 21 volts. 

C 11.—The lines arise from the level, E = 14.4 volts, that produces \ 4267. The ab- 
sence of C 1 lines in the visual and in the photographic region? is rather unexpected, since 
the ionization and excitation conditions lead to roughly equal numbers of atoms of ex- 
cited C1 and C11; possibly the transition probabilities are low for the C1 lines, and 
stratification effects can enhance C II. 

O 1.—The lines are weak compared to N 1, in spite of the fact that a larger fraction 
of O atoms are in neutral excited states than NV atoms. Apparently the abundance is 
lower. The lines of O11, at 23 to 28 volts, are not to be expected. The abundances of 
the elements may be estimated to be in the order VN > C > O. This order is in disagree- 
ment with the results of Unsdéld for 7 Scorpii* and of Menzel for the sun; it is probably 
also contradicted by the greater strength of O1 lines than N1 lines in the infrared 
spectrum’ of a Cygni. 

Ne1.—The lines of Ne 1 are strong; Ne 1 is absent because of high value of E = 27 
volts. The strongest Ne1 lines have intensities somewhat smaller than that of \ 5876 
of He 1; if the standard ionization conditions are adopted, and if the transition probabili- 
ties for the strongest Ne 1 lines are of the same order as that of \ 5876, we can estimate 
the abundance ratio of He to Ne as 100:1 or perhaps slightly less. This is to be preferred 
to an earlier estimate,' which was near 1000:1. The abundance of Ve is certainly greater 
than that of NV, C, or O; the ratio of Ne to C should not exceed 10:1. These abundances 
for the lighter elements are in general agreement with those determined for normal 
stars, except in the case of V. With more knowledge of the actual transition probabilities 
it should be possible to ascertain whether the abnormally low abundance of H in v Sgr 
is accompanied by an abnormal abundance of N. 

The other ionized elements are those to be expected in a high-temperature A or late 
B star. The strength of S 11 and P 11 is greater than in normal stars® and must find its 
origin in the low opacity. The ionized iron-group metals are relatively inconspicuous, an 
effect due to greater ionization and low abundance but also the result of the poverty of 
observational data on the laboratory spectra of these elements in the visual region. 
Nat is partly stellar and partly interstellar. 


8 Zs. f. Ap., 20, 311, 1941; 21, 1, 1941. Proof received before publication. 


9 Astr. Symposium Western Reserve University, p. 89, 1938. 
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DYNAMICAL FRICTION 


I. GENERAL CONSIDERATIONS: THE COEFFICIENT OF 
DYNAMICAL FRICTION 


S. CHANDRASEKHAR 


Yerkes Observatory 
Received January 7, 1943 


ABSTRACT 


In this paper it is shown that a star must experience dynamical friction, i.e., it must suffer from a sys- 
tematic tendency to be decelerated in the direction of its motion. This dynamical friction which stars ex- 
perience is one of the direct consequences of the fluctuating force acting on a star due to the varying com- 
plexion of the near neighbors. From considerations of a very general nature it is concluded that the 
coefficient of dynamical friction, n, must be of the order of the reciprocal of the time of relaxation of the 
system. Further, an independent discussion based on the two-body approximation for stellar encounters 
leads to the following explicit formula for the coefficient of dynamical friction: 


“9 Tyl2 v 
n= 4am, (m, + my) log. [ Do , 
0 


where m, and m, denote the masses of the field star and the star under consideration, respectively; G, the 
constant of gravitation; Do, the average distance between the stars; |u|?, the mean square velocity of the 
stars; V(v,) du, the number of field stars with velocities between 2; and v; + d2; and, finally, v, the veloc- 
ity of the star under consideration. It is shown that the foregoing formula for n is in agreement with the 
conclusions reached on the basis of the general considerations. Finally, some remarks are made con- 
cerning the further development of these ideas on the basis of a proper statistical theory. 


1. General considerations.—In a first approximative discussion! of the fluctuating part 
of the gravitational field acting on a star we may conveniently describe it in terms of two 
functions: a function W(F), which governs the probability of occurrence of a force F 
per unit mass acting on a star, and a function 7(| F| ), which gives the average time dur- 
ing which such a force acts. On this assumption we can properly visualize the motion of 
the representative point in the velocity space as follows: The representative point suffers 
random displacements in a manner that can be described in terms of the theory of ran- 
dom flights.2 More specifically, the star may be assumed to suffer a large number of dis- 
crete increments in velocity of amounts | F| 7(| F|) occurring in random directions. The 
mean square increase in velocity which the star may be expected to suffer in a time ¢ 
(large compared to the mean periods of the elementary fluctuations in F) is then given 


by 


Equivalently, we may describe the same situation by asserting that the probability func- 
tion W(u, ¢), governing the occurrence of the velocity u at time é, satisfies the diffusion 
equation 


ow (2) 


1S. Chandrasekhar, Ap. J., 94, 511, 1941. 


2 For a general discussion of this and related theories see a forthcoming article by the writer in the 
Reviews of Modern Physics. 
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where the diffusion coefficient q has the value 


[F (3) 


If the star has a velocity uo at time ¢ = 0, then the solution of the diffusion equation (2) 
which will be appropriate for describing the distribution of u at later times is clearly 


W (u, t; Uo) = lum (4) 


1 
(4xqt) 


It is now seen that formula (1) is an immediate consequence of the foregoing solution 


for W. 
We shall now indicate why the considerations of the preceding paragraph can be valid 


only for times which are short compared to [ul?/|F\27, where |u|? denotes the mean 
square velocity of the stars in an appropriately chosen local standard of rest. For, if 
W(u, t; uo) according to equation (4), described the stochastic variations of u for all 
times, then the probability for a star to suffer any assigned arbitrarily large acceleration 
can be made as close to unity as we may choose by allowing ¢ to be sufficiently large. 
This conclusion is, however, contrary to what we should expect on quite general grounds, 
namely, that W(u, ¢; uo) tends to a Maxwellian distribution, independently of uo as 
t— o. Expressed somewhat differently, we should strictly suppose that the stochastic 
variations in the velocity which a star suffers must be such as to leave an initial Max- 
wellian distribution of the velocities invariant. Defining, now, a stochastic process as 
conservative if it leaves a Maxwellian distribution unchanged, it is clear that the process 
described by equation (2) is nonconservative. Consequently, equation (2) is suitable for 
describing the underlying physical situation only for times ¢ which satisfy the inequality 
|u|? 
(5) 
The question now arises as to how our earlier approximate considerations can be 
modified so as to make the underlying stochastic process conservative. Now, as has been 
made familiar in the physical theories of Brownian motion by Ornstein, Uhlenbeck, and 
others,’ this can be achieved by the introduction of dynamical friction. More particular- 
ly, we suppose that the acceleration, Au, which a star suffers in a time At, which is short 
compared to the time intervals during which u may change appreciably but long com- 
pared to the periods of the elementary fluctuations in F, can be expressed as the sum of 
two terms in the form 
Au = 6u (At) — nudt , (6) 


where the first term on the right-hand side is governed by the probability distribution 
(cf. eq. [4]) 


—|su—erad At|?/4q at (7) 


y(du[At]) = 


1 
gAt) 3/2 


and where the second term represents a deceleration of the star in the direction of its mo- 
tion by an amount proportional to |u|. The constant of proportionality, 7, can therefore 
be properly defined as the coefficient of dynamical friction. 

With the underlying stochastic process defined as in equation (6) the distribution 


3 See the article quoted in n. 2 for further amplifications of what follows in the text. 
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function W(u, ¢ + Af) at time ¢ + At can be derived from the distribution W(u, ¢) at the 
earlier time ¢ by means of the integral equation 


W (u, t+ At) = t) (u — Au; Au) d (Au) , (8) 


where ¥(u; Au) denotes the transition probability (cf. eqs. [6] and [7]) 


1 
(4x qgAt) 


Expanding W(u, ¢-+ At), W(u — Au, ¢), and y(u — Au; Au), which occur in equation 
(8) in the form of Taylor series, evaluating the various moments of Au according to the 
distribution (9), and passing finally to the limit At = 0, we obtain the following equa- 
tion, which is of the Fokker-Planck type: 


—| Au-erad qAttnu At|*/4q dt | (9) 


Au) = 


dive (q gradu W) +divu (nWu) . (10) 


At this point we may explicitly draw attention to the fact that the foregoing equation is 
valid also when g and 7 are functions of u. 
Finally, the condition that the Maxwellian distribution 


satisfy equation (10) identically requires that g and 7 be related according to 


1/u|?=constant. (12) 


Now the solution of equation (10) appropriate for describing the distribution of the 
velocities at time ¢, given that u = up at time ¢ = 0, is 


3/2 
W (u, uo) =| : (43) 


In writing down the foregoing solution we have assumed that g and 7 are constants. We 
readily verify that W(u, t; uo), according to equation (13), tends to our earlier solution 
(4) for ¢ << nin virtue of the relation (12); moreover, it tends to the Maxwellian dis- 
tribution (11) as¢—> ©. Accordingly, ~! can be taken as a measure of the time of relaxa- 
tion of the system. Combining equations (3) and (12), we have 


, 

which agrees with the customary definition of the time of relaxation except for a factor 

Summarizing the conclusions reached, we may say that general considerations such as 
the invariance of the Maxwellian distribution to the underlying stochastic process require that 
stars experience dynamical friction during their motion and that the coefficient of dynamical 
friction be of the order of the reciprocal of the time of relaxation of the system. 

2. An elementary derivation of the coefficient of dynamical friction on the two-body ap- 
proximation for stellar encounters.—In the preceding section we have seen how the exist- 


(14) 


4 Cf. Chandrasekhar, A p. J., 94, 511, 1941 (see particularly §§ 7, 8, and 9). 
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ence of dynamical friction can be inferred on quite general grounds. We shall now show 
how the operation of such a force can also be derived from a direct analysis of the fluctu- 
ating force acting on a star. It is perhaps simplest and most instructive to examine the 
problem on an approximation in which the fluctuations in F are analyzed in terms of 
single stellar encounters each idealized as a two-body problem. On this approximation 
the increments in velocity, Av); and Av, ,which a star with velocity v2 = |v2| and mass 
mz Suffers as the result of an encounter in directions which are respectively parallel to and 


perpendicular to the direction of motion are® 


2m 
[ (v2 — v1 cos 6) cosy+ sin OcosOsiny] cosy (15) 
and 
2 
~ 6 — { 2; cos 8) cos 
m+ (16) 


+ v, sin sin cosy, ) 


where m, and 2 denote the mass and the velocity of a typical field star and the rest of the 
symbols have the same meanings as in Stellar Dynamics, chapter ii (see, particularly, pp. 
51-64). 

According to equation (16), and as can, indeed, be expected on general symmetry 
grounds, Av,, when summed over a large number of encounters, vanishes identically. 
But this is not the case with Av,,, for the net increase in the velocity which the star suf- 
fers in the direction of its motion during a time At (long compared to the periods of the 
elementary fluctuations but short compared to the time intervals during which vz may 


be expected to change appreciably) is given by 
Do 


where the various integrations are, with respect to the different parameters, defining the 
single encounters. The integration over 9, the inclination of the orbital plane to the 
fundamental plane containing the vectors uv, and vs, is readily effected, and we are left 


with 
Do 
at fae fade (01, 6, ¢) | 
D > (18) 
X V (v2 — 2; cos 6) | 


ma)? 


where we have substituted for cos? y from Stellar Dynamics, equation (2.301). The inte- 
gral over the impact parameter D when extended from 0 to © diverges; but for reasons 
explained in Stellar Dynamics, page 56, we allow for D only a finite range of integration, 
namely, from 0 to Do, where Dy is of the order of the average distance between the stars. 


Performing, now, the integration over D, we obtain 


or 
1 
X (v2— 2, cos 6) log (1+77V"), 


5 Cf. S. Chandrasekhar, Principles of Stellar Dynamics, p. 229 (eq. [5.721]), University of Chicago 
Press, 1942. This monograph will be referred to hereafter as ‘‘Stellar Dynamics.’ 
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where we have written 
Do 


~ G(m + M2) 


If we now assume that the distribution of the velocities v; is spherical, then N(v, 6, ¢) 
has the form (cf. Stellar Dynamics, eq. |2.336]) 


4n 


(20) 


Substituting the foregoing form for V(v, 8, g) in equation (19) and performing the inte- 
gration over ¢, we obtain 


f (22) 
X (v2— cos 6) log (1+97V*). 


To effect the integration over 6, we shall use the relative velocity V as the variable of 
integration instead of 6. Since 


V?= vit v3 — 20102 cos 6, (23) 
we have 
VdV = 2,22 sin , 
1 2 2 2 (24) 
Using relations (24), we find that equation (22) can be reduced to the form 
= —} am, (m+ af (v,)Jd2,, (25) 
v5 
where we have used J to denote 
log (1+92V*) dV. (26) 
After an integration by parts the expression for J becomes 
aw. 


Now, under most conditions of practical interest g°V‘ is generally very large compared to 
unity (cf. Stellar Dynamics, eqs. |2.323] and [2.347]; also eq. [5.215]). Hence, to a suffi- 
cient accuracy we have 


(v,+,) 


log (1 +9" v) (28) 


|vi—vel 
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After some further reductions we find that the foregoing equation becomes 


20, log (1+9?[ 21+ 22] 4) v2] *) 
v 

2 log > ve). 


Again, since + v2)‘and — v2)‘ are also generally very large compared to unity, 
we can further simplify equation (29) to 


(v1 < 02), 
log 47 v5 — 82, (v1 = 0), (30) 
(v1 > v0). 
Be 


The foregoing formula for J shows that in an approximation in which we retain only the 
“dominant term”’ (cf. Stellar Dynamics, pp. 62-64) we have 


8 v, log (v1 < ) 

(31) 
\0 ( v1 > Vo) 

where |u|? may be taken to denote the mean square velocity of the stars in the system. 

According to equations (30) and (31), we have the remarkable result that fo a sufficient 


accuracy only stars with velocities less than the one under consideration contribute to XAv)). 
As we shall see presently, it is precisely on this account that dynamical friction appears 
on our present analysis. 

Combining equations (25) and (31), we have 


= —4arm,(m,+ ms) log (% ful?) dv. (32) 
0 


Finally, if we assume that the velocities v; are distributed according to Maxwell’s law 
y; g 


then 


us 


where N denotes the number of stars per unit volume and / is a parameter which meas- 
ures the dispersion of the velocities in the system. Expressing the integral on the right- 
hand side of equation (33) in terms of the error integral 


2 ‘ —z? 
(34) 


and substituting the result in equation (32), we find that 


= —44rNm,(m,+ m2) log (¥ |u|?) At[@ (x9) — xo’ ] , (35) 


where we have written 1 = jv. 
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Equation (35) shows that the star does, in fact, experience dynamical friction and that 
the coefficient of dynamical friction has the value 


G? 

9) n= (m+ m2) log (Y |u|?) (x9) — xob’ (x9) ] . (36) 

I 2 

| It is now of interest to see that with the coefficient of dynamical friction defined as in 
equation (36) we can directly verify the existence of a relation of the form (12). For, ac- 
ity, cording to equations (2.356) and (5.724) in Stellar Dynamics, we have 
G? 
= mi |u|*log (9 |u|?) At[® (x9) — (xq) ] . (37) 
2 
Hence, 
0) 
my 
=< 38 
nAt ( ) 
the which is to be compared with equation (12). It is thus seen that a detailed analysis of the 
fluctuating field of the near-by stars in terms of individual stellar encounters idealized as 
two-body problems fully confirms the conclusions reached in § 1 on the basis of certain 
general principles. 

1) 3. Dynamical friction as a consequence of the statistical properties of the fluctuating 
gravitational field of a random distribution of stars—The discussion of dynamical friction 
in § 1, while sufficiently general for a first orientation in the subject, suffers, nevertheless, 

m. from certain drawbacks. For example, in writing down the probability distribution for 

ent du (At) (eq. [7]) we have assumed that it has spherical symmetry. However, to be entire- 

ne ly general we should rather suppose that ¥(du[A¢|) has the form 

irs 

on) 
G33! 
») where du = (611, 62, 6u3) and (a,,) is a symmetric tensor of the second rank. The com- 


ponents of (a,,) can very well depend on u. While it would not be difficult to write down 
for the correspondingly more general form of the transition probability the appropriate 
Wy generalization of equation (10), we should not be able to make much practical use of 
such an equation without some direct knowledge concerning (a,,). In other words, a de- 
tailed statistical analysis of the fluctuating part of the gravitational field acting on a star 


) must precede a discussion of the necessary generalization of equation (10). A start in 

this direction has recently been made by Chandrasekhar and von Neumann in two pa- 
S- pers.® Particularly in their second paper, where all the first and the second moments of 
t- F for given F and v have been evaluated, a direct indication for the existence of dynami- 


cal friction on the statistical theory has indeed been found. However, a complete solu- 
tion of the problem will require a more far reaching discussion than has yet been under- 
) taken. But the general outlines of such a theory are not difficult to foresee. For, the essen- 


tial information which is needed is, of course, the average force, F;, per unit mass acting 
on a Star at time ¢ when a force Fy acted at time ¢ = 0. The statistical problem is thus 
merely one of finding the joint distribution W(Fo, F,) of Fo and F;, where 


® Ap. J., 95, 489, 1942, and 97, 1, 1943. 


(40) 
i Ir; | 
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and 
V; 
(41) 


In equations (40) and (41) r; and V; denote, respectively, the position and the velocity of 
a typical field star relative to the one under consideration. By an application of Mark- 
off’s method (cf. the papers of Chandrasekhar and von Neumann) we readily find that 
the required distribution is formally given by 


where P and @ are two auxiliary vectors and 
A = (43) 
and where 


0 


In equation (44) 7(V, M) governs the probability of occurrence of a star with a relative 
velocity V and with a mass M. 

For our purposes it would, however, be sufficient to know the first moment of F;, for 
given F and », in which case we shall need only the behavior of C(P, o) for |a| — 0. Itis 
not difficult to push the formal theory a little further, but without going into these de- 


velopments here it is clear that in terms of F,( Fo, v) we shall be able to solve the entire 
problem of the stochastic variation of F acting on a star. More particularly the consid- 


eration of the integral 
v) dt (45) 
0 


will not only provide us with the means of giving a precise meaning to the notion of the 
mean life of F but will also disclose in a direct manner the existence of dynamical friction 
on the statistical theory. We shall return to the development of the theory along these 
lines on a later occasion. 

4. General remarks —To avoid misunderstandings we shall make some remarks (which 
are otherwise obvious) concerning the reasons for introducing the new notion of dynami- 
cal friction and avoiding the usage of the term “‘viscosity.”’ First, the physical ideas un- 
derlying the concepts of dynamical friction and viscosity are quite distinct: thus, while 
the ‘coefficient of dynamical friction” refers to the systematic deceleration which indi- 
vidual stars experience during their motion, “‘viscosity,’’ as commonly understood, refers 
to the sheering force exerted by one element of gas on another. Second, dynamical friction 
is an exact notion expressing the systematic decelerating effect of the fluctuating field of 
force acting on a Star in motion, in contrast to viscosity, which, as a concept, is valid only 
when averaged over times which are long compared to the time of relaxation of the sys- 
tem and over spatial dimensions which are large compared to the mean free paths of the 
individual molecules. Thus, while the introduction of dynamical friction in stellar dynam- 
ics presents no difficulty, the circumstances are very different for a rational introduction 
of “viscosity” in the subject (cf. Stellar Dynamics, pp. 76-78 and 184). 
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ABSTRACT 


In this paper a general method is described for determining the rate of escape of stars from galactic 
and globular clusters which is based on certain general statistical principles. Essentially the method con- 
sists in reducing the problem to a boundary-value problem in partial differential equations and in making 
use of the interpretation of the stochastic process in the velocity space as a diffusion process of a rather 


general type. 
The rate of escape has been evaluated, first, ignoring dynamical friction, and, second, making due al- 


lowance for it. It appears that the rate of escape of stars predicted on the first basis is too rapid to be 
compatible with a life for galactic clusters even of the order of 5X 108 years. However, the rates of escape 
are drastically reduced when dynamical friction is allowed for and permits a time scale of the order of 
3X 10° years. It is concluded that in the very existence of galactic clusters like the Pleiades we can look 
for direct evidence for the operation of dynamical friction which was predicted on theoretical grounds in 


the preceding paper. 


1. Introduction—lIn the preceding paper! we have shown that stars must experience 
dynamical friction during their motion. This conclusion, first reached on the basis of 
certain very general considerations, was iater confirmed by a more direct analysis of the 
fluctuating force acting on a star in terms of the two-body approximation for stellar en- 
counters. In this paper we propose to draw attention to certain facts of stellar dynamics 
which provide direct evidence for the operation of dynamical friction. 

Since the coefficient of dynamical friction is of the order of the reciprocal of the time 
of relaxation of the system (cf. I, eq. [14]), it is evident that it is only during times of the 
order of the time of relaxation itself that dynamical friction will have a chance to become 
an effective agent. Consequently, the effects of dynamical friction will be apparent only 
in stellar systems with relatively short times of relaxation. Such systems are provided 
by galactic clusters like the Pleiades, which are characterized by times of relaxation of 
the order of 6X 10? years.” Since the times of relaxation of the galactic clusters are of this 
order of magnitude, it is clear that an important factor in their evolution must be the 
escape of stars from them.* For, in times of the order of the time of relaxation, the prob- 
ability that a star will, on account of accidental fluctuations, acquire a velocity equal to 
or greater than the velocity of escape must be appreciable. And, if this should happen, 
we can reasonably expect the star to escape from the cluster. The question now arises 
as to the rate at which stars will thus leave the cluster. In this paper we shall show how 
this rate can be evaluated on the basis of certain general statistical principles and how 


1 Referred to hereafter as ‘“‘I.’’ 


2 Cf. S. Chandrasekhar, Principles of Stellar Dynamics, chap. v, University of Chicago Press, 1942. 
This monograph will be referred to hereafter as “Stellar Dynamics.” 

In Stellar Dynamics (p. 202) the time of relaxation of the Pleiades is given as 2.9107 years. How- 
ever, in view of the fact that in a sufficient approximation 7“ is equal to twice the time of relaxation as de- 
fined in Stellar Dynamics (cf. the remarks in I following eq. [14]), and since for our present purposes 7 
provides a better unit for measuring time, we have quoted in the text a value which is twice that given in 
Stellar Dynamics. 


’ This fact was first clearly recognized by Ambarzumian and Spitzer. For references to these papers 
and for a general discussion of the related ideas see Stellar Dynamics, chap v, §§ 5.2-5.4. 
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precisely in this rate of escape we can look for evidence for the operation of dynamical 
friction. 

2. A general method for estimating the rate of escape of stars from galactic and globular 
clusters —In the preceding paper we have shown that, when the diffusion coefficient, g, 
and the coefficient of dynamical friction, n, are functions of u, the equation which 
governs the distribution W(u, ¢) of u at time ¢ is 


= divu (g graduW + 7Wu), (1) 


where g and » are further related according to 
1/u|?= constant. (2) 


This differential equation for W leads to an important interpretation of the stochastic 
process which takes place in the velocity space. For, according to equation (1), we can 
visualize the motion of the representative points in the velocity space as a process of dif- 
fusion in which the rate of flow across an element of surface do is given by 


— (q graduW + Wu) + , (3) 


where 1g. is a unit vector which is normal to the element of surface considered. With this 
interpretation of the stochastic process in mind, the following method for finding the 
rate at which a star may be expected to acquire a given velocity naturally suggests it- 
self. 

First, we find the probability, (vo, ¢) dt, that a star with an initial velocity ul = % 
will acquire for the first time a certain preassigned velocity, |u) = vo, say, between / 
and ¢+ dt. We then integrate p(vo, t) over ¢ from 0 to #, to obtain the total probability, 
Q(vo, 4), that the star will have acquired the velocity v during the entire interval from 
0 tot. Finally, we average Q(v, ¢) over the relevant range of the initial velocities vo, to 
obtain the expectation, Q(t), that a star will have acquired the velocity 7 during a 
time 

The advantage of formulating the problem in the manner described is that the func- 
tion p(v, ¢) can be determined in terms of a spherically symmetric solution of equation 
(1) which satisfies the boundary conditions 


W(\u|,4=0 for |u| = vo forall (4) 


and 


(5) 


0 


where 6 stands for Dirac’s 6-function. If W is such a solution, the required probability 
function p(vp, ¢) is given by (cf. the interpretation of eq. [1] in an earlier paragraph) 


t) = (6) 


The probability Q(v, ¢) that a star having an initial velocity v will have acquired the 
velocity vo during a time ¢ is then given by 


)= fp dt. (7) 
0 
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And, finally, the expectation Q(¢) that a star will have acquired the velocity vo during a 
time ¢ is given by 


f° Q( t) f (%) dr, (8) 


where /(vo) governs the frequency of occurrence of an initial velocity v. 
Now the coefficient of dynamical friction 7, as derived on the basis of the two-body 
approximation for stellar encounters, is (cf. I, eq. [32] for the case m = mz = m) 


Dy|ul?7 1 |u| 
= mG log | (9) 


According to this formula, 7 tends to a constant limiting value as |u| +0. But, as 
|u| > ~, n> 0; however, according to the relation (2), g also tends to zero simultane- 
ously with ». Consequently, by allowing g and 7 to be constants and equal to their re- 
spective average values, we shall be compensating for the overestimation of 7 for large 
values of |u| by a corresponding overestimation in the diffusion coefficient g. In this 
paper we shall accordingly restrict ourselves, for the sake of simplicity, to the case where 
gand 7 are constants. Ina later paper we shall present the results of a similar calculation 
in which due allowance will be made for the dependence of g and 7 on | u}. 

3. The rate of escape of stars from galactic clusters —For the reasons explained toward 
the end of the last section we shall suppose in this investigation that g and 7 are both con- 
stants and independent of |u|. Equation (1) can then be re-written as (cf. eq. [2]) 


=} + qdiv, (Wu) . (10) 


Let 


or, in words, 7 measures the time in units of the time of relaxation; and, if a Gaussian dis- 
tribution of the velocities 

(12) 


be assumed, p measures the velocity u in units of 7~'. With the transformation of the 
variables (11) equation (10) becomes 


It should be noted that in our present choice of the units the diffusion coefficient has the 
value }. 
For a spherically symmetric solution, equation (12) reduces to 


ow 1 a4 , OW ow 


where we have used p to denote |p|. And, according to our remarks in § 2, we have to 
seek a solution of equation (14) which satisfies the boundary conditions 


W (p, 7) =9 for Po = po (say) for r > 0 (15) 
and 


5(p—po) 0. (16) 


0 
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i) The rate of escape of stars from clusters when dynamical friction is ignored —When 
dynamical friction is ignored, > a (14) further simplifies to 


ow _ OW 


or Op (17) 


and the solution of this equation satisfying the boundary conditions (15) and (16) is# 


W = e sin (= sin (= po). (18) 


In terms of the foregoing solution we can determine the probability p(po, 7) dz that a 
star with an initial velocity corresponding to po will acquire for the first time a velocity 
corresponding to p. during 7 and 7 + dr. Remembering that in our present units the 
coefficient of diffusion has the value 3, we have (cf. eq. [6]) 


(19) 
P /p=p, 


or, using the solution (18), we have 


(po, T) = - "tHe sin ). (20 
Popa pa” 


The total probability Q(o, 7) that the star would have acquired the velocity p. during 
the interval (0, 7) is therefore given by 


QO (po; =f (our) dz = — ) sin po). (21) 


Finally, to obtain the expectation that an ‘‘average”’ star will have acquired the velocity 
Po ina time 7, we must average the foregoing expression over all pp. For this purpose we 
shall use for the distribution over po the radial Gaussian function 


(22)$ 


“1/2 


and extend the range of integration from 0 to ~. Strictly speaking, this is not a valid 
procedure, particularly the extending of the range of integration beyond p.. However, 
for the values of p. we shall be normally interested in (cf. eqs. [25] and [26], below), the 
number of stars with p > p. forms a negligible fraction of the total number (see, e.g., 
Stellar Dynamics, p. 207, eq. [5.311]). With this understanding, the averaging of Q(po, 7) 
over po leads to the formula 


4 See, e.g., H. S. Carslaw and J. C. Jaeger, Operational Methods in Applied Mathematics, p. 235 (Ex. 
16), Oxford, England, 1941. 


5 Remembering that in our present choice of the units 7 = 1. 
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Now, ina star cluster we have the following relation between the mean square velocity 
of escape and the mean square velocity of the stars in the system (cf. ibid., pp. 206-207, 
eqs. [5.306] and [5.311]) 


v= 4/u|?; (24) 


or, in our present choice of the units (cf. eq. [11]), we have 


p= 6. (25) 


However, in view of the circumstance that a star acquiring a velocity 2(| u|)!/? does not 
necessarily imply its leaving the cluster unless it acquires a somewhat higher velocity 
(cf. ibid., pp. 208-209), we shall suppose that 


p= 8, (26) 


to allow a reasonable margin. Table 1 gives the values of Q(r) both for p. = V6 and 
for po = V8. 
TABLE 1 


THE EXPECTATION Q(r) FOR A STAR TO ESCAPE FROM A CLUSTER DURING 
A TIME 7 (MEASURED IN UNITS OF THE TIME OF RELAXATION) 
WHEN DYNAMICAL FRICTION IS IGNORED 


| 

=6 | =6 Pim =8 
057 || | 

| 


Remembering that the time of relaxation of galactic clusters is of the order of 6X 10" 
years, an examination of Table 1 reveals that the rates of escape predicted (when dynam- 
ical friction is ignored) are far too rapid to be compatible even with lives for these clusters 
of the order of 310° years. This can also be seen directly from equation (23). For, ac- 
cording to this equation, 


O(r) (1 — ) (721); (27) 
or, for p2, = 6, respectively 8, we have the approximate formulae 
I PI 


~1.3 (1 — 
(28) 
O(r) ~1.5 (1 — (p2, = 8). 


However, as we shall presently see, the rates of escape are drastically reduced from what 
we have just now found when proper allowance is made for dynamical friction. 

ii) The rate of escape of stars from clusters when allowance is made for dynamical fric- 
tion.—Passing now to the case when dynamical friction is not ignored, we have to solve 
equation (14), together with the boundary conditions (15) and (16). Introducing the 


variable 
w=Wp, (29) 
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equation (14) simplifies to 


The boundary conditions (15) and (16) now become 
w(p, 7) =0 for both p= po and p= 0 forall 7 >0 (31) 
and 
w(p, 7) 6(p— po) 0. (32) 


We shall now show how the solution of equation (30), together with the boundary condi- 
tions (31), can be reduced to a problem in characteristic values. 
First we notice that a separation of the variables can be effected by the substitution 


w=e"o(p), (33) 


where d is, for the present, an unspecified constant. Equation (30) now leads to the dif- 
ferential equation 


d 
d p* dp 
Again, writing 
we have for y the differential equation 
da? 
+ (36) 
p? 
or, puttin 
(37) 
we have 
Toit (38) 


It is seen that the differential equation (38) for y is the same as the familiar wave equa- 
tion for a simple harmonic oscillator. However, the boundary conditions with which we 
have now to solve equation (38) are different from those customary in solving the prob- 
lem of the simple harmonic oscillator in the quantum theory, for the solution we are now 
looking for must satisfy the boundary conditions 


¥=0 for p=0 andalsofor p=po. (39) 


In other words, the y’s of our problem are the characteristic functions of a simple har- 
monic oscillator bounded at the origin and at p = pq, i.e., an oscillator in a ‘“‘box.’’ It 
is, therefore, clear that the w’s which satisfy the boundary conditions (39) form a com- 
plete set of orthogonal functions which can be further normalized. 


Let 
(40) 


represent the normalized characteristic functions of our problem belonging respectively 


to the characteristic values 
Miy May Mny (41) 


: 
| 
4 
} 
= 


) 


DYNAMICAL FRICTION 269 


The general solution of equation (30) satisfying the boundary conditions (31) can there- 
fore be expressed in the form 


T p> en (p) (42) 


where the 4,’s are certain constants which should be so chosen that the boundary condi- 
tion for 7 = 0 is satisfied. 

Now, since a 6-function can always be built up from any complete set of normalized 
orthogonal functions according to 


5(p — po) = (po) , (43) 
n=1 
it follows that the solution which satisfies the boundary conditions (31) and (32) is 


Thus our solution for W takes the form 


e —(p’—p5)/2 


e~ (p) Wn (po) (45) 


Using the foregoing solution for W, we find that (cf. eq. [67]) 


2 po | dp p 


or, for the probability Q(po, 7), we have 


Po > “ys ) 
(po T) 2 po [ € dp 


Bn 


¥n (po). (47) 


Finally, to obtain Q(7) we must further average the foregoing expression over the rele- 
vant range of pp. With this we have formally solved the problem. To make the solution 
explicit, it remains only to specify the characteristic functions y, and the corresponding 
characteristic values pn. 

The nature of the dependence of the characteristic values yu, on the length of the ‘‘box”’ 
Po can be obtained by following a procedure developed by Sommerfeld in his studies of 
the Kepler problem and the problem of the rotator in the quantum theory with “arti- 
ficial” boundary conditions.® 

First, it is clear that when 

poo, (a= 1, 3, 5)....).. 

(Only the odd integral values of m need concern us here, since the wave function has to 
vanish at the origin.) It is further evident that the functions 

= (p) , (49) 

where the H/,,’s are the various Hermite polynomials, formally solve equation (38) with 

Mn = n; and, if n is an odd integer, these functions Y, satisfy also the boundary condition 


® A. Sommerfeld and H. Welker, Ann. d. Phys., 32, 56, 1938, and A. Sommerfeld and H. Hartmann, 
Ann. d. Phys., 37, 333, 1940. 
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at the origin. If it should now happen that p. coincides with a zero of one of the odd 
Hermite polynomials, then the corresponding wave function y, will satisfy the boundary 


condition at p. as well. Thus, 
H,=8p'—12p (50) 


has a zero at p = (1.5)'/*. Accordingly, if po = (1.5)'/*, u = 3 is a characteristic value 
of our problem, and Ws; for p < (1.5)! is the characteristic function which belongs to 
it. This represents, then, a special solution to our problem. Similarly, the higher-order 
Hermite polynomials will further provide such special solutions. The advantage in ob- 
taining these special solutions is that by plotting the zeros of the various Hermite poly- 
nomials in a (yu, po) diagram (as in Fig. 1) we obtain at once a general indication of how 
the various characteristic values are modified by the ‘“‘artificial’’ boundary condition at 


P = Po. 


4b 
2b 
Pe ee eee 

4 

1 2 3 Ro 
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Now an examination of Figure 1 shows that for p.. > 2 the first characteristic value 
of our problem must be extremely close to unity, so that 4: — 1 must be a very small 
quantity. On the other hand, the higher characteristic values will lead to values of 
(un — 1) ~ (n — 1) (n > 1, but an odd integer). Accordingly, for values of 7 of the 
order of unity and greater, the first term in the series on the right-hand side of equation 
(47) will provide ample accuracy. Thus, 


Q (po, T) 
(51) 

~ 2po(mi— 1) [1 J dp (721). | 


Finally, to determine (ui — 1) corresponding to the “lowest state” of our artificially 
limited simple harmonic oscillator, we proceed as follows: 


y= f (52) 


Writing 
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in equation (38), we obtain the differential equation 


f df 


Substituting for f the series 


where s runs through all the odd integers, we obtain the recursion formula 


2(u-—s) 


We already know that the particular characteristic value we are interested in must be 
very close to unity. Accordingly, writing 


Mi =1+e (56) 


and treating € as a small quantity, we find that all the coefficients c3, ¢,.... , contain 
eas a factor. Retaining only the first-order terms in € and letting c: = 1, we readily 
find that we can write f in the form 


f=p(1—ex), (57) 
where 
The condition that f has to vanish at some specified p.. will determine e. Thus it was 
found that 
«= 0.059 (p2, = 6), 
(59) 
e= 0.013 (p?, = 8); 


and, as was expected, ¢ is in fact a very small quantity. 
In a first approximation y, can therefore be written as 


ae? (1 —ex), (60) 
where a denotes the normalizing factor, which can be determined numerically in any 


given case. 
Substituting for ¥: from equation (60) in equation (51), we obtain 


(po; T) 


p 


+ p=p,, 


(61) 


It is found that for the cases p2, = 6, respectively 8, the foregoing equation (after aver- 
aging over po) takes the simple numerical forms 


(p2, = 6; 721), 
(62) 
Q(r) = (1 — (p2,=8; 721). 


Comparing the formulae (28) and (62), we see that when allowance is made for dy- 
namical friction the mean life of a cluster is increased by factors ranging from 15 (p2 ~ 
2.5) to 50 (p~ ~ 2.8). More particularly, the rates of escape given in Table 2 should be 
compared with those of Table 1. 

It is seen that the rates of escape are sufficiently reduced to be compatible with a time 
scale of the order of 3X 10° years. Physically, this drastic reduction in the rates of escape 
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when dynamical friction is allowed for is readily understood, for dynamical friction oper- 
ates essentially in the direction of preventing a star from being accelerated by too large 
amounts with any appreciable probability (cf. the remarks in I, § 1), and it is clearly on 
this account that the probability that a star will acquire the necessary high velocities for 
escape is so small. Further, it is to be noticed that in the mathematical analysis this re- 
duction is brought about by the small numerical values of (ui — 1), where ui corresponds 
to the lowest quantum state of an artificially restricted simple harmonic oscillator; and, 
as we have seen (cf. Fig. 1) for the values of p. which come under discussion, (ui — 1) is 
not only a small quantity but it also depends very sensitively on the precise value of p,, 
(cf. the values of [ui — 1] for the cases p2, = 6 and p2, = 8 given in eq. [62]). We may 


TABLE 2 


THE EXPECTATION Q(7) FOR A STAR TO ESCAPE FROM A CLUSTER DURING 
A TIME 7 (MEASURED IN UNITS OF THE TIME OF RELAXATION) 
WHEN ALLOWANCE IS MADE FOR DYNAMICAL FRICTION 


| | (7) 
| Pe =6 Po = | Po =6 Po =8 
| 0.26 | 0.064 || 20........... 0.95 0.23 
0 


44 O42 | 0.73 


therefore conclude that dynamical friction provides exactly the right kind of agency for 
preventing too rapid a disintegration of an isolated cluster; and thus, in the very exist- 
ence of galactic clusters like the Pleiades, we can look for evidence not only for the opera- 
tion of dynamical friction but also for the now generally adopted time scale of the order 
of 3X 10° years. 

4. Remarks on further developments —Our discussion of the rate of escape of stars from 
clusters has shown that dynamical friction must be a dominating factor in the dynamics 
of these systems. The question now arises as to how we can incorporate in a rational sys- 
tem of dynamics the stochastic variations in the velocity which a star suffers on account 
of the fluctuating force acting on it. It is evident that to build such a system of dynamics 
what we need is essentially a differential equation which will be appropriate for discussing 
the probability distribution in phase space in contrast to equations of the Fokker-Planck 
type, which describe the situation only in the velocity space. In other words, we need a 
proper generalization of Liouville’s equation of classical dynamics to include terms cor- 
responding to the stochastic variations in u. Such a generalized Liouville equation can 
be readily found. 

Quite generally we may write (cf. I, eq. [6]) 

Au = KAt+ 6u (At) — nudt, ) 
(63) 
Ar =udl, 


where K denotes the external force per unit mass acting on a star and the rest of the sym- 
bols have the same meanings as in I, § 1. Also, analogous to the integral equation in the 
velocity space (I, eq. [8]), we now have 


W (r, u, ¢+At) 
(64) 


v 


+00 +00 
=f W (r—Ar, u—Au, t)W(r—Ar, u—Au; Ar, Au) d(Ar)d(Au), 
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where V(r, u; Ar, Au) denotes the transition probability in the phase space. We have (cf. 
I, eq. [9]) 


1 —|Au-erad qAttnu At—K At 


W(r, u; Ar, (65) 
X 6 (Ax — u,At) 6 (Ay — u,At) 6 (Az —u,Ad) . 


Expanding the various terms in equation (64) in the form of Taylor series and proceeding 
as in usual deviation of the Fokker-Planck equation, we obtain’ 


atu - W + K - gradu W =divu (q graduW+ Wu) . (66) 
In the foregoing equation g and y can be functions of r and u; they should, however, be 
related according to 


67 
(67) 


at all points of the phase space. 

Equation (66) is the required generalization of Liouville’s equation of classical dynam- 
ics, and it is on the basis of this equation that the dynamics of the galactic and the globu- 
lar clusters should be developed. We shall return to these further developments ona 
future occasion. 


7 For details of the derivation see a forthcoming article by the writer in the Reviews of Modern Phys- 
ics. 
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NOTE ON ALGOL 


In a recent article Kopal! attempts to explain discrepancies in the observed rotation 
effect of Algol by assuming that the primary’s rotation axis makes an angle of about 15° 
with the perpendicular to the orbital plane and that it precesses in a period of about 3.6 
years. He appears to have overlooked the fact that if such a precession takes place, the 
fundamental plane of reference will be an invariable plane of the system and that the 
orbital plane itself must then also regress on this invariable plane. This question has 
been treated before by Shajn,? who considered it as nodal regression of the orbital plane 
on the plane of the primary’s equator, and it has been fully discussed by the writer;? no 
reference to either of these papers is made by Kopal. If m; and mz and 7; and re are 
masses and radii, respectively, of the components of the eclipsing system, a the radius of 
the orbit, w the angular velocity of rotation and revolution, assumed to be synchronous 
(it is also assumed that the primary and secondary rotate as rigid bodies with no change 
in angular velocity with decreasing distance from the center), and & a constant depending 
upon the internal constitution of the stars, then the values for the angular momenta are 


2 
m,+ 


2 
zm, (7) 


ro\? 
Secondary’s Rotational 2, = 2 mz (— ) koa’w. 
ry 5 


Orbital Q, = 


Primary’s Rotational Q, 


Using the numerical values derived by Kopal, viz., m, = 2.3, mz = 0.61, n/a = 0.22, 
and r2/a = 0.246 and adopting k = 0.3, a reasonable value, we obtain: Q = 0.48 a’w, 
Q; = 0.015 a’w, and 2. = 0.005 a’w. If, therefore, the rotation axis of the primary makes 
an angle of 15° with the perpendicular to the invariable plane, then the orbital plane will 
possess an inclination of the order of half a degree relative to this invariable plane, and 
the observed inclination should fluctuate by this amount on either side of the mean value. 
If the mean inclination is 82°1, the extreme values should be 81°6 and 82°6; the area of 
the primary occulted during primary minimum should then range from 0.65 to 0.70, and 
a difference of fully 0.1 mag. may be expected in the depth of primary minimum. Kopal 
claims a period of 3.6 years for the precessional motion but finds perfect agreement be- 
tween the photoelectric curves of Stebbins and Smart. The mean dates of observation 
for these two series of observations are 1919.9 and 1935.3, respectively—too far apart 
to enable us to draw any definite conclusions. It seems evident, however, that the same 
conclusion which I stated previously is justified, viz., that if precession and nodal re- 
gression take place, it would seem most profitable to look for their effects in precise 
observations of the depth of primary minimum rather than in spectroscopic observations 


of rotational velocities. 
W. J. LuyTEN 


1 Ap. J., 96, 399, 1942. 
2 4p. J., 57, 129, 1923. 3 Zs. f. Ap., 15, 97, 1938. 
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NOTES ON PROPER-MOTION STARS. V* 


ABSTRACT 


Two new white dwarfs, as well as six new binaries with large proper motion, are announced; for three 
known binaries large parallaxes are found. 


The first two stars in Table 1 are new white dwarfs. The northerly star is of the 
40 Eridani type, to which 25 white dwarfs were previously known to belong.! The other 
object was found by Luyten? to share the motion of BD—0°4234. Two spectra of low 
dispersion show it to be very blue; the spectrum may be continuous although it is pos- 
sible that H and K are weakly present. The classification on the basis of these pre- 
liminary observations is therefore either Con or wF.’ The primary, BD—0°4234, was 
found to be 9"7 K2, making the spectral parallax of the system about 07023. The re- 


TABLE 1 
Star a (1900) 6 m(v) Sp. m 6 p (Sp.) Remarks 

AC 73°8031.....| 2127 +473°12"| 12.5 | wA | 172° |....... 
—0°4234 B..... 21 27.0 — 013| 13.7 | Con: | 0.46 | 989 | (23) | 134”, 30° 
Karpov 9A | m1 | 0.37 | 207 | 22 
ons | 22 | 470, 148° 
-12°2918AB...| 9 26.5 -1303| 10.2 | M4 | 0.75 | 92 | 130 | 060, 59° 
Furuhj. 31 Al | M4 | 0.75 | 234 | 91 
2! 95-8 +43 58) | 66 | 4”, 70° 
—15°5584 A] seas | 8-7 | Kt | 0.44 | 232 32 
~15°5584 20 97.8 —15 44) | 22: | 9", 347° 
~19°5899 A....| 20 37.2 -1918| 10.4 | M1 1.10 | 144 | 69 | 2”, 240°, 14m0 
23 27.6 -17 23] 87 | | 0.37 | 126 | 72 
—17°6768(BC).| 23 27.6 -17 22| 10.6 | M4 | 0.40 | 125 | 100 | Close, Am=0 
LDS 65A) 13.1} M6 | 030 | 147) — 
Lps 57-7 —27-03) | mo | 0.30 | 147f| 10 | 3°, 00 

| 
LDS 78A) | Ms+| 0.37 | 168) 
H19°S116A) | (103 | M4 | 0.52 89) 
+19°5116B{: és | 23: 26.7 +19 23 \12.8 M6+ 0.52 89/ 180 376, 180 

| 


sulting absolute magnitude of the companion, about 10™5, is somewhat puzzling. The 
relative position was measured with the micrometer: 1942.66 29°6 133786 in. 

Of the binaries, BD—12°2918 is of special interest. Because of the poor agreement 
between the spectral parallax and the trigonometric parallax it had been concluded® that 
the star might be an unresolved binary. This conclusion has now been confirmed, 
though the discrepancy between the parallaxes has not been fully removed. On previous 
occasions the star was found to be ‘“‘round,” so that the orbit is probably eccentric and 
the period less than ten years. 

For Furuhjelm 31 the corrected position was given by Vyssotsky,‘ who found the 


* Contributions from the McDonald Observatory, University of Texas, No. 67. Earlier notes: Ap. J., 96, 
315, 1942, and references there given. 


1 Pub. A.S.P., 53, 248, 1941; Ap. J., 96, 315, 1942. 
2 Pub. Astr. Obs. Minnesota, 3, No. 3, 1941. *Ap.J.,95, 206(n.92),1942. 4Ap. J.,97, 77, 1943. 
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spectral type (M2. BD—17°6768 was found to be a close pair at the Lick Observatory 
in 1934 (d = 3’, Am = 0.0). The star became of interest when Luyten? found it to 
have common proper motion with BD—17°6769. Recent micrometer observations show 
the orbital motion to be rapid. All three objects just mentioned promise to be of im- 
portance for the mass-luminosity relation; a fourth star, — 19°5899, may prove to be too 
difficult for that purpose. " 

Two more objects for which mass determinations may be expected are LDS 65 and 
+19°5116; the latter star was found to be double by Wirt? uen.® Photographic observa- 
tions of these two pairs and of Furuhjelm 31 will be of interest. 

One doubtful pair included in an earlier list,6 CoD—34°4160, at 7°54™9 — 34°41’ 
(1900) is now regarded as optical, as shown by additional observations. Two doubtful 
pairs in Russell and Moore’s General Catalogue of Dynamical Parallaxes,’7 ADS 466 and 
2818, are also optical; the spectral types of the two companions are gMS and G2, respec- 
tively. 

G. P. 
YERKES OBSERVATORY 
March 1943 


REVIEWS 


Nicholas Copernicus, 1543-1943. By STEPHEN P. Mizwa. New York: Kosciuszko Foundation, 
1943. Pp. 88. $0.75. 


The Kosciuszko Foundation of New York, whose main objective during the last three years 
has been “‘to help preserve the brains of Poland by helping Polish scholars to survive,”’ has 
issued this brochure with an appeal to American colleges and universities to organize this spring 
an appropriate celebration or tribute to Copernicus on the occasion of the quadricentennial of 
his death and of the publication of the De revolutionibus orbium coelestium. Mr. Mizwa has con- 
tributed two chapters: “The Life-Story of Copernicus” and ‘‘Sarmaticus Astronomus.” While 
they contain no essentially new information and present the astronomical work of Copernicus 
in the most elementary terms, they are interesting because of the large number of little-known 
illustrations, including a photograph of the copy of a self-portrait of Copernicus made by Tobias 
Stimmer in 1571 on the astronomical clock tower of the cathedral of Strasbourg. The cover de- 
sign is a modern painting of Copernicus, reproduced in color, by the well-known refugee Polish 
artist, Arthur Szyk. 

Because the purpose of the book is to create interest in the Copernicus quadricentennial, it is 
appropriate to record that Mr. Mizwa has approached with moderation and dignity the puzzling 
and controversial question of the nationality of Copernicus’ ancestors. He points out that 
“Copernicus lived in an age when there was no clear-cut conception of nationality in the modern 
sense and loyalties and patriotism—in contradistinction to universal intellectual interests—were 


chiefly local . . . .”"; and he answers the question ‘‘Why are the Poles proud of Copernicus?” by 
saying that ‘“‘he was born and raised on the soil they love... . , he received his first instruction 
and inspiration ....in the University of Krakow....” and he “fought that enemy which 


they had been fighting for centuries before and have been fighting all these centuries since.” 

However, not all passages are equally moderate. Thus, it sounds strange when, in defense of 
the church which, according to the author, ‘‘overlooked the revolutionary importance of De 
revolutionibus and did not put it on the Jndex till 1616,” he says: “It should however be ob- 
served here, to the credit of his Church, that although it was slower in accepting the Copernican 
— as established scientific truth, it neither persecuted its creator nor exposed him to ridi- 
cule.” 

Astronomers will welcome the initiative of the Kosciuszko Foundation in organizing a na- 
tional celebration for Copernicus in New York on May 24, 1943, under the chairmanship of 
Professor Harlow Shapley. The name of Copernicus—whom two nations claim as their own but 
who, perhaps better than any other personality, illustrates the universality of science which 
“recognizes no political boundaries, pays no attention to nationalities’ —is a symbol of a better 
world than the one we are living in. O. STRUVE 


5 Pub. A.S.P., 53, 340, 1941. 6 Ap. J., 96, 315, 1942. 
7 The Masses of the Stars (‘Astrophysical Monographs’”’), 1940. 
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